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P r e f a c e
In the semi-ar id t rop ics h igh and sustained agr icu l tura l p roduc t ion is ham-
pered by many natural constra ints. The SAT fa rmer mus t cope w i t h the
vagar ies of a ra iny season tha t is shor t and h igh ly unpred ic tab le ; intense
rainfal l in terspersed w i t h sudden d rough ts ; soi ls w i t h l o w in f i l t ra t ion capacity
and thus great water erosion hazard; and , f ina l ly , a h igh evapot ransp i ra t ion
rate du r ing the g r o w i n g season.
In 1973, ICRISAT began its p rog ram to deve lop fa rm ing sys tems that w i l l
help increase and stabi l ize agr icu l tura l p roduc t ion t h r o u g h better use of
natura l , h u m a n , and capital resources in the semi-ar id t ropics. W i th in th is
ma in p r o g r a m , the agroc l imato logy subp rog ram deals w i t h the characteriza-
t ion and quant i f ica t ion of weather e lements (and cl imate) in re lat ion to
agr icul ture. Fo l low ing 5 years of research in th is area, ICRISAT sponsored an
Internat ional Workshop on the Agroc l imato log ica l Research Needs of the
Semi -Ar id Tropics.
The ma in object ives o f the wo rkshop are:
1. To discuss the current status of agroc l imato log ica l research at ICRISAT
and in the semi-ar id t rop ics in Asia, Afr ica, South Amer i ca , and Aust ra l ia ,
speci f ical ly:
a. Present techn iques and approaches in the invest igat ions of physical
resources in the semi-ar id t ropics.
b. Ava i lab le ins t rumenta t ion fo r data co l lec t ion, its accuracy and adequ-
acy.
c. Ava i lab le methods fo r the quant i f i ca t ion of mo is tu re env i ronmen t and
its appl icat ion in crop p lann ing .
2. To suggest and plan a fu tu re course of act ion fo r c l imato log ica l research,
w i t h ma jor emphasis o n :
a. Mod i f y i ng or expand ing the present approaches so tha t the results
may be targeted and in fo rmat ion d isseminated w i t h i n a g iven t i m e
scale.
b. Planning crop-weather in teract ion studies that may be set up at
bench-mark locat ions a round the semi-ar id t ropics.
c. Establ ishing research l inks that w i l l aid in imp rov ing the present data
base and its analysis.
The 24 par t ic ipants inc luded scientists f r o m Aust ra l ia , Brazi l , Canada,
France, India, Kenya, Niger, Senegal , the Uni ted States of Amer i ca , and Upper
Vol ta, and representat ives o f the W o r l d Meteoro log ica l Organizat ion, the Food
and Agr i cu l tu re Organ izat ion , and the U.S. Agency fo r In ternat ional De-
ve lopment . Twen ty ICRISAT staff also par t ic ipated.
Four technica l sessions w e r e he ld : (1) C l imato log ica l features of the SAT
discussed the agrometeoro log ica l ne twork and data col lect ion over t he
semi-ar id areas of India, Brazi l , and Af r i ca ; (2) Water -budget ing mode ls and
the i r appl icat ion focused on studies related to t h e d y n a m i c s of soi l mo is tu re in
v
Vert isols and Al f iso ls , soi l mo is tu re budge t ing techn iques and the i r appl ica-
t i o n ; (3) Crop-env i ronmenta l in teract ions a imed at ident i fy ing p lant and
atmospher ic parameters in water-stress studies in re lat ion to the i r effect on
plant g r o w t h and y i e l d ; and (4) Interdisc ip l inary research needs of agroc-
l imato log ica l s tudies at ICRISAT.
The summar ies and recommendat ions of these sessions are presented at
the beg inn ing of each sect ion of th is v o l u m e .
ICRISAT is pleased to publ ish the proceedings of the In ternat ional Work-
shop, wh i ch enabled our scientists and agroc l imato log is ts f r o m other SAT
areas to share the i r v iews and benef i t f r o m one another 's exper ience.
S. M. Virmani
Workshop Coordinator
vi
Session 1 
C l imato logica l Features of t h e
S A T : Methodo log ies and
Techniques of Character izat ion
C h a i r m a n : W. Baier
C o - c h a i r m a n : J . Ian S t e w a r t
R a p p o r t e u r : M . V . K . S i v a k u m a r
S u m m a r y a n d R e c o m m e n d a t i o n s
S u m m a r y o f Papers
This session dealt w i th the impor tance of col-
lecting good agrometeoro log ica l data for agroc-
l imato log ica l research in the semi-ar id t ropics
and w i th the p rob lems encountered in the
acquis i t ion of such data. The use of such data in
agronomica l ly relevant classif icat ions of the
cl imate was discussed. Examples of new ap-
proaches to a m o r e mean ingfu l in terpretat ion
of c l imato logica l data in agr icul tural research,
deve lopment , and operat ions were presented.
Status reports of the agrometeoro log ica l ser-
vices for por t ions of Afr ica, Brazil, and India
were presented.
Dr. V i rman i pointed out that the SAT is a 
un ique reg ion , where temperatures are gener-
ally adequate, w i t h lack of mo is tu re as the key
l imi t ing factor. Methods for quant i fy ing rainfall
d is t r ibu t ion , t heso i l mois ture env i ronment , and
water balance methodo logy were discussed. He
emphasized the usefulness of the ET/Ep ratio in
analyzing crop-weather relat ionships. Simi lar
expressions shou ld be effective in crop-
product ion mode ls and in improved agroc l ima-
tic classif icat ions to identi fy soi l -crop-c l imate
systems.
Dr. Rijks in his paper demonst ra ted the use of
near real- t ime agrometeoro log ica l data in op-
erat ional AGMET reports. He pointed out the
need for standardizat ion of observat ions and
the impor tance of rapid d isseminat ion of the
in fo rmat ion . He also referred to the p rog ram
n o w under way at the Regional A g r h y m e t
Center for t ra in ing di f ferent types of personne l ,
and the Center's research and data analysis
activit ies.
The need for internat ional as wel l as nat ional
coord inat ion of agrometeoro log ica l data collec-
t ion became qui te obv ious f r om the paper by
Dr. Reis, w h o rev iewed the meteoro log ica l net-
works and current studies in Northeast Brazil by
var ious organizat ions.
Dr. Sarker presented a status report on the
activi t ies of the Agr icu l tura l Meteoro logy Div i -
s ion of the India Meteoro log ica l Department.
The processed agrometeoro log ica l data are
used in research, for example , in prepar ing
crop-weather d iagrams, crop-weather calen-
dars, and the agrocl imat ic atlas. A w i d e range of
rainfall analyses have been made to help def ine
the water status of di f ferent zones in India.
Crop-weather relat ionships have been estab-
l ished, wh ich permi t crop y ie ld forecasts to be
mafde. Pert inent weather in fo rmat ion is cur-
rently prov ided to fa rmers th rough radio sta-
t ions.
Finally, Dr. J. S. Russell presented and de-
monst ra ted the appl icat ion of pat tern analysis
methods in agrometeoro log ica l research. This
new approach to classifying cl imates, g roup -
ings of locat ions and extrapolat ion of exper i -
mental results appears to be a p romis ing re-
search too l supp lement ing present methods.
R e c o m m e n d a t i o n s
1. Steps need to be taken to integrate ag-
rometeoro log ica l techniques, wh ich pro-
v ide in fo rmat ion on the day-by-day soi l-
c rop-atmosphere status, especially crop
water stress, into studies concerned w i th
the product ion of crops in di f ferent envi-
ronments.
2. The specif ic requi rements of agr icul ture
for agrometeoro log ica l data need to be
prov ided to nat ional agrometeoro log ica l
services (the India Meteoro log ica l De-
par tment , or IMD, in India).
3. Nat ional meteoro log ica l services should
be requested to g ive h igh pr ior i ty to the
deve lopment of effective system for col-
lect ing and d is t r ibut ing agrometeoro log i -
cal data.
4. The appl icat ion of new analyt ical ap-
proaches to analyzing crop-weather data
and classifying cl imates for expedi t ing the
transfer of agrotechnology should be en-
couraged.
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C l i m a t o l o g i c a l Fea tures o f t h e S e m i - A r i d T rop ics
i n Re la t ion t o t h e F a r m i n g S y s t e m s
Research P r o g r a m
S . M . V i r m a n i , M . V . K . S i v a k u m a r , a n d S . J . R e d d y *
Summary
The semi-arid tropics pose a unique set of climatic features to those involved in 
programs of agricultural development. Such areas, on the basis of temperature, are 
suitable for the production of any crop that does not require a cold period in its life cycle. 
Lack of moisture is the key limiting factor to stabilized and improved agriculture in SAT 
regions. In recent years, there has been a growing appreciation of these climatic 
constraints, and attempts are being made to increase the length of the growing period by 
improving soil and water management. Efforts to this end will involve the fitting of 
appropriate cropslcultivars to appropriate soil-climatic zones. In the SAT environment 
this would primarily mean the matching of moisture environment available to the water 
needs of the crop plants. 
In this paper, methods for quantifying rainfall distribution; the moisture-availability 
environment as affected by moisture-storage capacity of the soils in relation to timeand 
quantum distribution of precipitation via water-balance methodology are presented. A 
scheme for matching the crop-water demand and stochastic water supply is presented 
for determining the "likely" suitability of crops to soil-rainfall environments. 
Due to the characteristic spatial distribution of natural endowments in the tropical 
regions, the moisture environment for crop growth tends to be highly location specific. 
The methodology of integrating rainfall, soil storage, and evaporation characteristics via 
the water-balance procedure would greatly assist in the transfer of farming systems 
technology. Given the variability of the SAT, such a quantification also contributes 
substantially to delineating the potentially rewarding areas for agricultural research. 
In the seasonal ly d ry rainfed semi-ar id t rop ics
(SAT), crop y ie lds are low and var iab le f r o m
year to year. The instabi l i ty in agr icu l tura l pro-
duct ion is caused pr imar i l y by undependab ie
rainfal l . In any part icular agroc l imat ic reg ion ,
therefore , the a im of an in terd isc ip l inary f a r m -
ing systems research team is to der ive a set of
pract ices fo r resource deve lopmen t , resource
managemen t , and ut i l izat ion that w i l l lead to
substant ia l and susta ined increases in agr icul-
tura l p roduc t ion w h i l e conserv ing and imp rov -
ing the region 's resource base.
* S. M. V i rman i is Pr incipal Agroc l ima to log is t and
Program Leader; M. V. K. S ivakumar and S. J.
Reddy are Agroc l ima to log is ts , Farming Sys tems
Research P rog ram, ICRISAT.
The ma in focus o f the Farming Systems
Research Program at ICRISAT is " resource-
cen te red " for increasing and stabi l iz ing agr icu l -
tu ra l p roduc t ion in the SAT. The Agr icu l tu ra l
Cl imatology subprogram is concerned pr imar i -
ly w i t h resource assessment and classif ica-
t ion . The d is t inct ive character ist ics o f the SAT
env i ronmen t inf luence the d is t r ibu t ion of
natural e n d o w m e n t s — soi ls, ra infa l l , and cl i -
mate. It tends to in t roduce a s t rong e lement of
locat ion specif ic i ty in te rms of the agr icu l tura l
env i ronment . Therefore, the quant i f i ca t ion and
character izat ion of the natural resource base of
any SAT area is of f undamenta l impor tance fo r
t he t ransfer o f agro techno logy . Given the var i -
abil i ty of the SAT env i ronment over t ime and
space, such a quant i f ica t ion also cont r ibutes
substant ia l ly in de l ineat ing the potent ia l ly mos t
reward ing areas for agr icu l tura l research.
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C h a r a c t e r i s t i c s o f t h e S A T
E n v i r o n m e n t
The semi-ar id t rop ics are character ized by a 
h igh c l imat ic water d e m a n d . The mean annual
tempera tu re is >18°C and rainfal l exceeds
evapot ransp i ra t ion for on ly 2 to 4.5 m o n t h s in
the dry and fo r 4.5 to 7 m o n t h s in the wet /dry
semi-ar id t ropics (Tro l l , 1965). In order to meet
the h igh c l imat ic wa te r d e m a n d dur ing the
g r o w i n g season, the s tudy o f the supp ly pat tern
of water assumes great impor tance . SAT re-
g ions are character ized by a h ighly var iab le
rainfal l . The coeff ic ient of var iab i l i ty of rainfal l
in h u m i d c l imates is abou t 10 to 20%, whereas
in SAT c l imates i t is 20 to 30%.
ratic, and data of the last 77 years (Fig. 1) show
that i t may vary f r o m 320 mm (1972) to 1400 mm
(1917). The var iab i l i ty is encountered inter-
year ly as we l l as seasonal ly. Rainfal l d is t r ibu-
t i on du r i ng 1975, 1976, and 1977 at ICRISAT
Center is p lo t ted in Figure 2. It appears that
d is t r ibu t ion of seasonal rainfal l is h igh ly errat ic,
f o r example , September was the wet tes t m o n t h
in 1975 and the dr iest m o n t h in 1977. In 1977,
Augus t received fa i r ly good amoun ts o f ra infa l l ;
in 1975, i t was the dr iest of the rainy mon ths . We
observed that open-pan evapora t ion is h igh ly
in f luenced by ra infa l l . The values go d o w n to as
low as 3 mm on rainy days, and very h igh va lues
of open-pan evaporat ion we re recorded dur ing
dry days.
Rain fa l l P a t t e r n o f H y d e r a b a d :
a n E x a m p l e
E f f e c t o f A t m o s p h e r i c D e m a n d
o n S o i l - M o i s t u r e A v a i l a b i l i t y
The annua l rainfal l at Hyderabad is h igh ly er- At this s tage i t may be per t inent to consider
Figure 1. Annual rainfall at Hyderabad (1901-1977) (C. V. % : 26). 
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s o m e of the env i ronmen ta l character ist ics that
are impor tan t in re lat ion to supp ly and d e m a n d
of soi l mo is tu re . The w o r k o f Denmead and
Shaw (1962) and S h a w (1978) s h o w e d that the
abi l i ty of soi l to supp ly wa te r to a c rop is
in f luenced by so i l -mo is tu re status and a tmos-
pher ic evaporat ive d e m a n d . As s h o w n in Table
1 , the vo lumet r i c mo is tu re content and a tmo-
spheric demand play an impor tan t role in deter-
m in ing t he rat io o f t he actual supp ly o f water to
the potent ia l water supp ly ( termed relat ive rate
of ET). I f t he vo lume t r i c soi l mo is tu re is about
Figure 2. Rainfall distribution at ICRISAT Center, 1975 to 1977. 
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f ie ld capacity, then ( i r respect ive of the potent ia l
evapot ranspi ra t ion demand) the plants w i l l be
able to absorb water at a potent ia l rate. If, on the
other hand , vo lumet r i c soi l mo is tu re content
drops d o w n to 3 0 % , the plants wi l l be able to
take up water at a potent ia l rate only at l ow
atmospher ic -demand rates. At h igh evapora-
t i on rates the supp ly to plants wi l l be on ly
six- tenths of the potent ia l demand . Thus the
plants w i l l be suf fer ing f r o m mois tu re stress
even t h o u g h about one- th i rd of the avai lable
water is present in the root zone. Crop y ie lds are
propor t iona l to the mo is tu re avai labi l i ty and an
o p t i m u m range o f mois ture-avai lab i l i ty cond i -
t ions is required fo r d i f ferent crops, accord ing
to thei r g r o w t h pat tern , for m a x i m u m y ie ld .
Hence (a) quant i f icat ion of mo is tu re env i ron-
ment fo r crop g row th and (b) crop response to
mois tu re stress and crop wa te r needs are the
ma jo r areas of concern to the ICRISAT agro-
c l imato logy research p rog ram.
Rainfa l l C l i m a t o l o g y Research
and I ts A p p l i c a t i o n
Let me discuss some of the methodo log ies and
approaches that have been adopted at ICRISAT
for invest igat ion of c l imat ic water avai labi l i ty.
Let us look at some of the methods c o m m o n l y
used for de te rmin ing cl imat ic water avai labi l i ty ,
tak ing the Hyderabad region as an example
(Table 2). The ratio of mean rainfal l to potent ia l
evapot ranspi ra t ion shows that rainfal l cou ld
meet about 55% of the demand in the mon th of
June, whereas in the subsequent ra iny mon ths
rainfall adequately meets the demand ( .85 -
1.37). Augus t and September show a pos i t ive
mois tu re balance. In the postra iny season, rain-
fal l is not adequate to meet potent ia l demand .
The mean mon th l y rainfal l data do not y ie ld
in fo rmat ion on the dependabi l i ty of precipi-
ta t ion to meet potent ia l demand . Hargreaves
(1975) has def ined dependab le prec ip i ta t ion
(DP) as that amoun t of rainfal l wh i ch cou ld be
received at 75% probabi l i ty . It is evident that the
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Table 2. Climatic water availability at Hyderabad, India.
Month
Mean rainfall
(mm)
Mean PE
(mm) RF/PE
Dependable
precipitation (mm)a MAI
b
Jan 2 110 0
Feb 10 129 0
Mar 13 181 0
Apr 23 198 6 .03
May 30 220 7 .03
Jun 107 196 0.55 59 .32
Jul 165 140 0.85 121 .75
Aug 147 135 1.09 86 .55
Sep 163 119 1.37 91 .65
Oct 71 124 0.57 30 .21
Nov 25 104 0.24 0
Dec 5 99 0
a. At 7 5 % probabi l i ty , also referred to as DP.
b. Mo is ture Avai lab i l i ty Index = PD/PE
Table 1. Relative rate of ET under three
atmospheric-demand conditions.
Avai lab le soil A tmospher i c demand
mo is tu re (% by vo lume) High M e d i u m Low
100 (F.C.)
70
50
30
10
1.0 1.0
1.0 1.0
0.95 1.0
0.62 0.85
0.20 0.28
1.0
1.0
1.0
0.97
0.65
Source: Shaw, Modeling crop yields using climatic data.
(This volume.)
dependable prec ip i ta t ion amoun ts are m u c h
lower than the mean rainfal l received at
Hyderabad, and so one must consider depend-
able prec ip i ta t ion rather than mean rainfal l . The
moisture-avai lab i l i ty index — def ined as the
ratio of dependable prec ip i ta t ion to mean
rainfall — shows that adequate mo is tu re is av-
ai lable for the rainy mon ths of Ju ly , Augus t , and
September at Hyderabad. These analyses,
however , do not g ive in fo rmat ion on t he con-
t inu i ty or breaks in rainfall and its adequacy to
meet env i ronmenta l demand on a shor t - te rm
basis.
Probabi l i t ies of rainfal l at Hyderabad as a 
func t ion of t ime dur ing the year are p lo t ted in
Figure 3. It is seen that in the dry mon ths of
January to June there is l i t t le chance of receiv-
ing an amoun t of rainfal l that w o u l d be
adequate to satisfy at least a th i rd of the po ten-
t ial demand . But star t ing f r o m the last week of
June , these probabi l i t ies exceed the 7 0 % level.
The f igure also shows that the onset of rainfal l
at Hyderabad is abrupt and that there is also a 
cont inu i ty in the rainfal l once the rains beg in .
The cont inu i ty is depicted by the dot ted l ine,
wh ich is a plot of t he probabi l i ty of a rainy week
fo l l owed by a rainy week (wet/wet). The p lot
also shows another interest ing feature in that
rainfal l receipts to meet at least one- th i rd of the
potent ia l demand are fa i r ly adequate t h rough -
out the m o n t h s of Ju ly and September . In the
mon th of Augus t , however , a d rough t may be
encountered in about 4 0 % of the years. After
October these probabi l i t ies again start go ing
d o w n , due to recession o f m o n s o o n rains.
C o m p a r i s o n o f Ra in fa l l P a t t e r n
o f T w o Loca t ions
In order to i l lustrate the effect iveness of th is
kind of me thodo logy in de l ineat ing s o m e of the
impor tan t prec ip i ta t ion features of site spe-
cif ic i ty and also to invest igate whe ther the
techno logy generated at ICRISAT Center can be
transferred to another place, t w o locat ions fair ly
s imi lar in the i r broad agroc l imat ic character-
istics were selected (Hyderabad and Sholapur,
Fig. 4). From their mois ture-ava i lab i l i ty indices
(Table 3), it is apparent that annual rainfal l is
fair ly s imi lar at bo th locat ions, as is seasonal
rainfal l . The rainfal l is equal ly var iable and the
potent ia l evapot ranspi ra t ion is fa i r ly s imi lar at
the t w o locat ions. The moisture-avai lab i l i ty
index calculated by Thorn thwa i te ' s m e t h o d
shows - 5 6 fo r Hyderabad, bu t - 5 8 fo r Shola-
pur. The growing season, as calculated by the ap-
proach of Cocheme and Franquin (1967), shows
that Hyderabad has a g row ing per iod of about
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Figure 3. Probabilities of rainfall (RIPE≥ 0.33) at Hyderabad (1901-1970 data). 
130 days, whereas at Sho lapur the g r o w i n g
season cou ld extend to 148 days. Both locat ions
have deep Vert isols.
From t h e above, one w o u l d probab ly ant ic i -
pate that the agr icul tura l possibi l i t ies a t the t w o
locat ions are fa i r ly s imi lar . Five years of re-
search, however , shows that rainy-season
crops are successful at Hyderabad and the
Figure 4. Location of Sholapur and Hyderabad. 
annual y ie lds range f r o m 5000 to 7000 kg/ha,
wh i l e at Sho lapur rainy-season crops are risky
and annual y ie lds range f r o m 1000 to 2000
kg/ha. H o w does one expla in such large differ-
ences in crop y ie lds w h e n the c l imat ic charac-
ter ist ics of the t w o places are, on a very broad
scale, fa i r ly s imi lar?
The reason can be seen f r o m the p lo t of the
10
in i t ia l probabi l i t ies tha t rainfal l w i l l m e e t a t l e a s t
one- th i rd of t he potent ia l demand at Hyderabad
and Sholapur (Fig. 5). At Hyderabad, once
rainfal l begins, there is cont inu i ty of rainfal l and
a high degree of dependabi l i ty t h roughou t the
mon ths o f Ju ly , Augus t , and September . A t
Sholapur (the dot ted lines) the cont inu i ty seen
in rainfal l at Hyderabad is no t so obv ious . At
Sholapur , t he rains are h igh ly erratic du r i ng the
g r o w i n g season; hence the success of a rainy
season crop is h igh ly unpredic tab le. The con-
t inu i ty of the rains depicted by the cond i t iona l
probabi l i t ies in Figure 6 (the probab i l i t y of
receiv ing a rain th is week i f t he prev ious week
Figure 6. Conditional (wetlwet) probabilities of rainfall (RIPE>0.33) at Hyderabad and Sholapur. 
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Table 3. Moisture availability indices at two
locations.
Index Hyderabad Sho lapur
Annua l RF (mm) 764 742
Seasonal RF (mm) 580 556
CV RF (%) 26 28
PE (mm) 1757 1802
Im
- 5 6 - 5 8
Grow ing season (days) 130 148
Soils Vert isols Vert iso ls
a. Mo is tu re index.
Figure 5. Initial probabilities of rainfall of RIPE≥ 0.33 at Hyderabad and Sholapur. 
has been wet) shows that at Hyderabad the
cont inu i ty in rainfall is fair, whereas at Sho lapur
the cont inu i ty is less rel iable.
One appl icat ion of such analyses is to de-
l ineate the probabi l i ty of success of d i f ferent
types of crops. Our studies on the re lat ionship
between dependable rainfall and sui tabi l i ty of
crops fo r selected locat ions in India show that in
areas w i th a high dependabi l i ty of rainfall (e.g.,
Varanasi) t he g row ing season is about 14 weeks
at the 7 0 % probabi l i ty level. Dry land de termi -
nate crops cou ld be successful ly g r o w n at th is
locat ion. At Bangalore, on the other hand , even
if one chooses a lower probabi l i ty level of 6 0 % ,
only indeterminate crops could be g r o w n .
This me thodo logy of rainfal l probabi l i t ies
could also be used to demarcate the risk as-
sociated w i t h dry seeding of ra iny-season crops
in the SAT. The dry-seeding per iod for rainy-
season crops wi l l be a couple of weeks ahead
of the onset of the rainy season. At Hyderabad,
the onset of seasonal rainfal l is abrupt at the
c o m m e n c e m e n t of t he rainy season and the
probabi l i t ies of cont inuance of rain are h igh.
Therefore th is locat ion offers excel lent scope
for d ry seeding. At Sho lapur on the other hand ,
the onset of rains at the c o m m e n c e m e n t of the
season is not marked and the chances of the
cont inu i ty of rains after onset are not as h igh .
Such locat ions therefore pose a risk to dry
seeding. Based on ra infa l l -probabi l i ty analysis
of m o r e than 90 stat ions in India, the areas
offer ing possibi l i t ies of dry seeding on Vert isols
are mapped in Figure 7. Aga in t he me thodo logy
is to use the dependabi l i ty of prec ip i ta t ion and
soi l -mois ture storage. I t appears that one cou ld
d is t inguish very easily the risk associated w i th
dry-seeding possibi l i t ies at d i f ferent locat ions
in the deep Vert isols spread over large areas in
India. For example, the techno logy fo r dry
seeding of crops generated at ICRISAT Center
could be t ranslated w i th a fair degree of success
to Akola , Jabalpur , Indore, and Udaipur ,
whereas at Sholapur , Dharwar, Ja lgaon , and
Ahmedabad the l ikely success of d ry seeding is
l ow due to the h igh risk associated w i t h it.
S t o c h a s t i c M o d e l i n g Us ing t h e W a t e r
B a l a n c e A p p r o a c h
So far, our d iscussion has been main ly on the
probabi l i t ies of rainfal l and the methodo log ies
that may be used to employ th is i n fo rmat ion in
t h e p l a n n i n g o f ag r i cu l t u ra l s t ra teg ies /
operat ions. One other impor tan t componen t
that affects length of the g r o w i n g season is the
water -ho ld ing capacity of the soi ls. The average
pattern of changes in prof i le mo is tu re on a 
weekly basis in three typical soi ls of Hyderabad
region are p lo t ted in Figure 8. These curves are
based on rainfal l records f r o m 1901 th rough
1970. From water-balance analysis carried out
as per CSIRO systems (Keig and McA lp in 1974),
it is apparent that in sha l low Al f isols there is
very l i t t le so i l -mois ture s torage for crop use
over ex tended d rough t per iods. In deep Al f isols
and m e d i u m Vert isols, as wel l as in deep Ver-
t isols, there is a fair degree of s to rage fo r a fair ly
longer t i m e dur ing the g r o w i n g season. Thus,
under ident ical rainfal l cond i t ions , the effects of
shor t - term intraseasonal d rough ts on crop-
mois tu re status wi l l di f fer in t h e t h r e e soil types.
The amoun t of water lost as runoff w o u l d also
dif fer, and the potent ia l benef i ts der ived f r o m
supp lementa l appl icat ions of water w o u l d vary
w i t h the soi l type.
Through water-balance studies, the length of
the g row ing season for d i f ferent soi ls can be
est imated. The length of the g r o w i n g season
wou ld depend on the avai lable water -s torage
capacity of the soi l (Table 4). At 75% probabi l i ty
level in soi ls w i th relat ively l ow water-s torage
capacity under Hyderabad condi t ions, we have
15 weeks of g row ing season. Under h igh soi l
water-s torage condi t ions, the g row ing season
could be extended to about 23 weeks. This
w o u l d mean that (depending on soil water-
storage capacity) one could g r o w a m e d i u m - to
a long-durat ion crop at the same locat ion on a 
deeper soi l as opposed to a shor t -durat ion crop
on a l ow water -ho ld ing capacity soi l . Since soil
types and rainfal l patterns in the SAT show
considerable var iat ions over shor t d istances,
such analyses wi l l assist considerably in der iv ing
est imates of c rop -g row ing per iods and sui tab le
crops.
By est imat ing weekly the amoun ts of available
water in the root zone of crops in re lat ion to
potent ia l evapot ransp i ra t ion d e m a n d , the
probabi l i t ies of water avai labi l i ty at pre-
de te rmined levels can be de te rmined fo r a 
part icular soi l type. Since the ET rates of crops
in relat ion to the potent ia l evapotranspi ra t ion
rates are we l l def ined under adequate mo is tu re
condi t ions, a compar ison of these to so i l -
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mois tu re avai labi l i ty est imates shou ld g ive a 
better appreciat ion of the " l i ke l y " f i t t ing of
crops in a g iven soi l - ra infa l l -evaporat ion c o m -
plex. Figure 9 depicts such an exercise for
Hyderabad cbnd i t ions in typical soi ls and fo r
short- , m e d i u m - , and long-durat ion crops. I t is
apparent that a long-durat ion crop in a soi l
w i t h 50 mm avai lable water -s torage capacity
w i l l be exposed to so i l -mois ture inadequacy at
several g r o w t h stages, but on the other hand i f
t he so i l -mois ture storage capacity we re 150 or
300 m m , the risks o f water def ic iency are m u c h
less. Thus one m igh t select f o r sha l low soi ls a 
d rought -hardy crop (e.g., castor bean, Ricinus 
communis), whereas in deeper or heavier soi ls
a crop w i t h m e d i u m sensi t iv i ty to d rough t (such
Figure 7. Possibilities of dry seeding on Vertisols.
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Figure 8. Weekly soil-moisture storage in 
three soils (Hyderabad, 1901-1970). 
as pigeonpea, Cajanus cajan) w o u l d be sui table.
S imi lar ly one could f i t in short- and m e d i u m -
dura t ion crops. Effects of changes in seeding
dates and the inf luence of d i f ferent pheno log i -
cal character ist ics on crop per fo rmance could
also be assessed as f i rst approx imat ion in such
analyses.
Field work -day probabi l i t ies at harvest t i m e
can be est imated f r o m rainfal l probabi l i t ies.
These probabi l i t ies have been compu ted for
mi l le t (Pennisetum americanum) and so rghum
(Sorghum bicolor) crops of d i f ferent durat ions
(Table 5). The impor tance of such f ie ld work-day
probabi l i tes in re lat ion to the harvest of sor-
g h u m in t w o soi l types in s h o w n in th is table.
Farmers in this area g r o w a long-dura t ion sor-
g h u m crop of 130 to 150 days dura t ion . There is
a h igh degree of probabi l i ty fo r having at least 3 
consecut ive work days in either the Al f iso ls or
the Vert isols at harvest t ime of a long-dura t ion
so rghum. Hence there w o u l d be no d i f f icu l ty in
harvest ing th is crop. On the other hand , i f one is
g r o w i n g a 90- to 100-day so rgh um crop, the
possib i l i ty of get t ing in to the f ie ld for harvest is
about 7 7 % in the Al f isols and 29% in the
Vert isols. I t is fair ly c o m m o n to have intense
rain s to rms (of at least 60 to 70 mm) in th is area
in the m o n t h of Augus t and September. In the
deep Vert isol areas, harvest ing a m e d i u m -
dura t ion so rghum could be a p rob lem. Since
the so rghu m crop is affected w i th gra in m o l d
and also gra in rot dur ing wet weather , 90- to
100-day cul t ivars of s o r g h u m are not l ikely to be
successful in the Hyderabad Vert isol region
unless the crop is gra in mold/ ro t resistant. The
analysis of f ie ld work day probabi l i t ies shows
that i t is not only impor tan t to g r o w a good crop
but i t is also impor tan t to harvest the crop at the
oppor tune t ime.
Future Research in
A g r o c l i m a t o l o g y
This d iscussion has so far concentrated on t w o
areas of agroc l imato log ica l research: (a)
characterist ics of the SAT env i ronment , and (b)
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Table 4. Length of the growing season
a
 for three soil conditions
b
Available water-storage capacity
Probability
Low (50 mm)
Weeks
Medium (150 mm)
Weeks
High (300 mm)
Weeks
Mean
75%
25%
18
15
20
21
19
24
26
23
30
a. From seed-germinating rains (25 Jun) to end of season (time when profile moisture reduces EA/PE to 0.5).
b. Low: shallow Alfisol; medium: shallow to medium-deep Vertlsols; high: deep Vertlsols.
Table 5. Field-work day probabilities at har-
vest of sorghum and millet crops at
Hyderabad.
3 Consecutive work day
probability
Crop Duration
Alfisols
(%)
Vertisols
(%)
Millet
Sorghum
Sorghum
6 5 - 7 0
90-100
130-150
50
77
93
4
29
83
Figure 9a. Fitting of a long-duration crop in 
three soils. 
col lect ion of meteoro log ica l data at ICRISAT
Center and at cooperat ive research stat ions,
and its in terpretat ion in te rms of ag ronomic
relevance. These studies are conducted in co l -
laborat ion w i t h the Crop Improvemen t and
Economics Research p rograms at ICRISAT.
Other areas of interest are the microc-
l imato log ica l and crop phenolog ica l studies
and the c rop-weather -mode l ing studies. These
t w o areas of research are done in co l laborat ion
w i t h the Env i ronmenta l Physics, Crop Phys-
b. Fitting of short - (65 to 70 days) 
and medium - (90 to 100 days) 
duration crops in three soils. 
iology, Economics, Hydrology, and the Cropping
Systems subprograms. We ini t iated a microc-
l imato log ica l studies p rog ram in 1977, and have
been able to acquire a good deal of i ns t rumen-
ta t ion that is needed in these studies. We have
been conduct ing energy-balance studies in
different crop canopies in col laborat ion w i th the
Crop Physio logy and Env i ronmenta l Physics
subprograms. These studies are useful to de-
l ineate di f ferences in the water-use eff iciencies
of d i f ferent crops. We have also three lys imet-
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ers in opera t ion , t w o of t h e m are instal led in the
deep Vert iso l area and one in the Al f isols. Our
results in re lat ing the water-use eff iciencies of
crops to the crop g row th are qu i te interest ing.
For example , in sole maize (Zea mays) we f ound
that changes in the actual water use to the
potent ia l water use (ET/Ep) are fa i r ly wel l re-
lated to the leaf-area index of the crop. Th is
f ind ing has impor tan t impl icat ions fo r our ef-
for ts to mode l the actual water use of d i f ferent
crops. Our p re l im inary wo rk has s h o w e d that
t he re lat ionship between ET/Ep and leaf-area
index is also t rue in a maize/pigeonpea inter-
crop.
To summar ize , in pursu ing our object ives fo r
the next 5 years, we hope :
1. To deve lop an unders tand ing of rainfal l
var iab i l i ty across d iverse locat ions for
quant i f y ing associated risks in c rop pro-
duc t ion .
2. To characterize crop response to prevai l -
ing mois ture env i ronment , to assist in crop
p lann ing for increased and stabi l ized ag-
r icul tura l p roduc t ion .
3. To deve lop a c l ima te -d r i ven c rop -
p roduc t ion mode l based upon crop-
weather interact ion studies, to predict
crop per fo rmance under d i f ferent loca-
t ions.
4. To deve lop agronomica l l y relevant clas-
si f icat ion of the c l imate for ident i fy ing
isoc l imes for assist ing the t ransfer of
techno logy.
Our emphasis on the studies on rainfal l p rob-
abi l i t ies is l ikely to cont inue over the next 2 
years so tha t we can characterize the c l imat ic
env i ronment o f the di f ferent areas in wh i ch we
are interested. We also bel ieve tha t studies on
water balance (wh ich g ive us the soi l mo is tu re
probabi l i t ies) wi l l be cont inu ing u p t o 1980. This
work w i l l be done in co l laborat ion w i t h the
Env i ronmenta l Physics and the Hydro logy sub-
programs. Crop-weather mode l l i ng , an area of
research tha t w i l l receive considerable at tent ion
in the next 5 years, is n o w under way. From
these studies, we plan to w o r k out crop-y ie ld
probabi l i t ies, us ing the c l imate-dr iven mode ls
that w o u l d be developed in the next f ew years.
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Agrometeorological Network over Africa:
Collection, Documentation, and
Analysis of Data
D. Rijks*
S u m m a r y
The organization of an effective agrometeorological service is a long-range program. Its 
positive influence on agricultural production is beyond question, as experience in 
countries elsewhere in the world has shown. 
The basis of its success is the collection of accurate and representative observations 
that can be effectively and rapidly transmitted, analyzed, interpreted, and used. 
The impact of the information provided by these services may not become felt for 
several years after the start of the program; all the more reason, therefore, to start the 
first phases of its implementation without delay. 
An agrometeoro log ica l service is a service that
prov ides in fo rmat ion on meteoro log ica l con-
di t ions and plant and animal g rowth character-
istics that affect agricultural product ion in the
widest sense. A fu l ly operat ional service as-
sures the mak ing, t ransmiss ion , ver i f icat ion,
and analysis of observat ions, their useful stor-
age, and the fo rmu la t i on and d isseminat ion of
in fo rmat ion that may increase agr icul tural pro-
duct ion or reduce the effect of factors tha t
hinder op t ima l p roduct ion .
Semi-ar id condi t ions preva i l , for most of the
g row ing season of ra in -g rown crops, in the
so-called semi-ar id regions of Afr ica, the Sahel
and the Botswana area. Semi-ar id condi t ions
can also be encountered at the beg inn ing and
the end of each of the rainy seasons in equato-
rial areas w i t h a b imoda l rainfall pat tern, even if
to ta l annual rainfal l in such areas may be wel l in
excess of 1000 mm per year. Such areas exist
notably in Kenya and Tanzania.
To be fu l ly effect ive, an agrometeoro log ica l
service needs ,an operat ional network, a 
d o c u m e n t a t i o n ana lys is center , and an
in format ion-d isseminat ion service. This paper
describes a system that is be ing deve loped by
the e ight countr ies of the Sahel area in the
context o f the cooperat ion establ ished by the
* CILSS/WMO A g r h y m e t P r o g r a m m e ,
Niger.
N iamey ,
Permanent Interstate Commiss ion on Drought
Control (CILSS).
C o l l e c t i o n o f D a t a
Steps in the estab l ishment of operat ion of an
agrometeoro log ica l network are:
• Def in i t ion of a me thodo logy
• Observer t ra in ing
• Instal lat ion of stat ions — site select ion,
choice of ins t ruments , and select ion of
observat ions to be made
• Recording procedures fo r observat ions
• Transmiss ion of observat ions
• Ver i f icat ion of observat ions
• Maintenance operat ions
M e t h o d o l o g y
The Sahel countr ies cooperat ing in the CILSS
A g r h y m e t p rogram cover an area of about 4000
km in an east-west d i rect ion and about 1000 km
in the nor th-south d i rect ion. Dur ing the rainy
season, f r o m about J u n e to October, the
movemen t of rainfal l zones is f r o m east to west .
Weather condi t ions in the east may therefore
signi f icant ly affect product ion in wester ly areas.
A c o m m o n me thodo logy th roughou t the area
facil i tates the interpretat ion o f " u p w i n d " ob-
servat ions and results f o r use " d o w n w i n d , " and
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t he app l ica t ion of results of research ob ta ined
elsewhere.
A c o m m o n me thodo logy has there fore been
deve loped by agrometeoro log is ts f r o m all t he
count r ies invo lved . Th is m e t h o d o l o g y is
founded on basic concepts and gu ide l ines for-
mu la ted by W M O and by the FAO/WMO inter-
agency g r o u p on ag rometeoro logy . I t is be ing
deve loped and detai led by twice-year ly meet-
ings of the agrometeoro log is ts of the Sahel
countr ies. Pre l iminary pub l ica t ion of parts of
th is m e t h o d o l o g y , in loose- leaf b inders , per-
mi ts staff in the count r ies concerned to accumu-
late wo rk i ng exper ience w i t h these d o c u m e n t s ;
rev is ions and add i t ions w i l l be issued w h e n
necessary. A shor t , summary - l i ke vers ion of th is
m e t h o d o l o g y w i l l be p rov ided to observers, as
an Observers ' Handbook.
Observer T r a i n i n g
In the past, ag rometeoro log ica l observat ions
were genera l l y made by meteoro log ica l observ-
ers w h o we re taugh t , usual ly du r ing on- the-
j o b t ra in ing , to observe the pheno logy o f crops,
soi l -water status, and agr icu l tura l cond i t ions .
Many of these observers w e r e emp loyed at
agr icu l tura l research s ta t ions, w h e r e they
worked under the superv is ion of agronomis ts .
Very f e w observat ions w e r e made on t h e
g row th of natura l vegeta t ion , pasture, and con-
d i t ion of the l ivestock. Observat ions on insect
attacks w e r e made by special ized teams.
Meteoro log ica l and agr icu l tura l services in the
Sahel count r ies n o w realize that a m o r e fu l l use
could be made of staff in each of these services,
i f su i tab le t ra in ing we re p rov ided . In the contex t
o f the A g r h y m e t p r o g r a m and the c rop-
protect ion projects of CILSS, observer t ra in ing
wi l l there fore f r o m n o w on be or iented towards
the t ra in ing o f mu i t id isc ip l inary observers. The
meteoro log ica l componen t o f t he p r o g r a m w i l l
i nvo lve on ly g r o u n d observat ions. Further
componen ts are so i l -water observat ions , crop
pheno logy and agr icu l tura l opera t ions, and ob-
servat ions of insects and diseases. This t ra in ing
can be g iven ei ther at nat ional agr icu l tura l or
meteoro log ica l t ra in ing centers. The sy l labus
wi l l be prepared by a t e a m of CILSS/WMO/FAO
instructors a t the N iamey A g r h y m e t Center.
Inst ruct ion w i l l be g iven by inst ructors t e m -
porar i ly assigned f o r t h i s purpose f r o m nat ional
meteoro log ica l and agr icu l tura l services, as-
sisted by t w o rov ing inst ructors a t the A g -
rhymet Center. Tota l t ra in ing w i l l last about 9 
mon ths . Tra in ing courses w i l l start w i t h
meteoro log ica l and " t heo re t i ca l " c o m p o n e n t s
in the d ry season and be conc luded w i t h pract i -
cal t ra in ing du r ing the rainy season. Tra in ing is
scheduled to start in February 1979. Candidates
for t ra in ing shou ld have the j un io r h igh school
leaving-cert i f icate (BEPC) or equiva lent in-
service exper ience.
I n s t a l l a t i o n o f S t a t i o n s
The select ion of sites for stat ions is based on the
economic impor tance of the agr icu l ture in a 
reg ion , and on the avai lab i l i ty o f other
meteoro log ica l s tat ions in the area. Sites at
agr icu l tura l exper iment stat ions are obv ious ly
desirable, bu t m u s t be comp lemen ted by other
sites in d i f ferent ecological zones or in areas
whe re t he agr icu l tu ra l -product ion pat tern is
di f ferent. M a x i m u m use is m a d e of locat ions
w i t h ex is t ing c l imato log ica l stat ions, so that
in terpre ta t ion of observat ions in any one year
can be m a d e in the l igh t of long- te rm weather
observat ions.
The immed ia te a im is to establ ish be tween
four and ten stat ions per country . The long- te rm
goal is to have a stat ion in each ma jo r
agr i cu l tu ra l -p roduc t ionzone ; i n s o m e c o u n t r i e s
this could mean perhaps as many as 15 to 20
stat ions.
The usual range of meteoro log ica l inst ru-
ments includes ra ingauge, record ing ra in-
gauge, screen w i t h we t and dry m a x i m u m and
m i n i m u m thermometers , thermographs , hygro-
g raph , run-o f -w ind anemomete r at the 2-m
height, w ind-d i rec t ion indicator , soi l ther-
mome te rs , sunsh ine recorder, and a Class-A
evapora t ion pan.
Solar radiat ion is recorded at about 40 sta-
t ions in the Sahel area. Soi l -water observat ions
are m a d e v isual ly and by use of Bouyoucos
blocks. Experience w i t h the latter techn ique
shows that a quant i ta t ive assessment of soi l
wa ter is of ten di f f icul t . The blocks, however , do
g ive a g o o d ind icat ion about t he progress of a 
we t t i ng o r d ry ing f ront . A t s o m e stat ions, ob -
servat ions are made us ing t he Wa l l i ng fo rd
neut ron probe. At all s tat ions the resul ts of the
above th ree me thods are regular ly compared
w i t h observat ions ob ta ined by grav imet r ic
samp l ing .
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The depth o f observat ions var ies accord ing to
the techn ique used. Visual observat ions are
made at the surface and d o w n to 0.2 m;
Bouyoucos blocks are instal led at the 0 .1 - , 0.2-,
0.5-, and 1-m levels. Grav imet r ic samp l ing is by
0.2-m depth intervals d o w n to 1.2 m or mo re ,
accord ing to root depth . Neu t ron -p robe obser-
vat ions no rma l l y go d o w n to 2.4 m.
For p lant observat ions no ins t ruments other
than ruler and balance are used at present. The
observat ions vary somewha t f r o m crop to crop.
They inc lude the dates of specif ic stages of
deve lopmen t of t he crop — numbers of p lants ,
leaves, f l owers , or branches. Length of s tems,
leaves, and other d imens ions of vegeta t ive or
generat ive parts of p lants are recorded. They
also inc lude crop observat ions, such as inc i -
dence of weeds, insect attacks, or diseases,
a l o n g w i t h a d v e r s e m e t e o r o l o g i c a l
phenomena , such as hai l , d rough t , or l i gh tn ing .
A fur ther t ype of observat ion detai ls the factors
t h a t d e t e r m i n e y i e l d : n u m b e r o f p lants, n u m b e r
o f f r u i t s p e r f r u i t i n g body, percentage of fu l l and
empty f ru i ts , w e i g h t per f ru i t , etc. At the end of
the season, y ie ld is recorded.
R e c o r d i n g P r o c e d u r e s
A register for crop observat ions has been de-
s igned and wi l l be used fo r several years, after
wh i ch i t may, i f necessary, be mod i f i ed in the
l ight o f the exper ience ob ta ined before be ing
adopted . This register prov ides space f o r a 
number of d i f ferent crops that may not all be
g r o w n at any one stat ion. Meteoro log ica l ob-
servat ions are be ing recorded on f o r m s pro-
v ided by the Meteoro log ica l Services o f the
area. A mod i f i ed layout , pe rm i t t i ng easy t rans-
fer on to compu te r med ia , is under study. This
mod i f i ed layout was or ig ina l ly adapted to re-
co rd ing on 80 -co lumn cards, bu t the advent o f
key board/d isplay screen m in i compu te r s may
make a m o r e f lex ib le record ing procedure pos-
sible.
A special W M O code, the A g m e t code, has
been deve loped to pe rm i t easy and rapid
t ransmiss ion of messages. This code consists
of three des igna to rg roups , n ine meteoro log ica l
g roups , and an un l im i ted number of c rop
groups. Each g roup consists of f ive d ig i ts .
T r a n s m i s s i o n o f O b s e r v a t i o n s
The a im o f the A g r h y m e t p r o g r a m is to equ ip
each key agrometeoro log ica l s tat ion w i t h HF
vo ice t ransmiss ion equ ipmen t (SSB) so that
dai ly contact can be made w i t h nat ional head-
quarters. Th is t ransmiss ion is s imi lar to tha t
pract iced at present by synopt ic stat ions. I t w i l l
be effected once dai ly , p robab ly between 0900
and 1100 hrs us ing the codes descr ibed above.
Upon receipt at nat ional headquarters the mes-
sage wi l l be entered on a m in i compu te r , ver i -
f ied and avai lable on the one hand for inc lus ion
in the nat ional archives (on tape or disc) and on
the other hand fo r t ransmiss ion by rad io tele-
t ype to the N iamey Regional A g r h y m e t Centre.
From about m idday onwards th is message wi l l
therefore be avai lable fo r analysis bo th at na-
t iona l and regional headquar ters .
V e r i f i c a t i o n o f O b s e r v a t i o n s
Ver i f icat ion of observat ions received at nat ional
headquarters w i l l be effected by a check fo r
internal consistency of t he message once re-
corded on t he m in i compu te r , by a check against
a no rms f i le , and , i f the system can be
adequate ly deve loped , by a geograph ica l
check. Observers at stat ions w i l l be on s tandby at
a certain hour du r ing the m o r n i n g to reply to
possib le quest ions, and to repeat i n fo rma t i on , i f
requ i red . T h e precise de f in i t ion of the cr i ter ia
fo r ver i f icat ion w i l l evo lve over a per iod of
years, tak ing into account t he exper ience ac-
qu i red.
M a i n t e n a n c e
No opera t iona l serv ice can exist w i t h o u t the
prov is ion fo r main tenance. The ins t i tu t ion o f
ma in tenance capabi l i t ies mus t accompany the
instal lat ion of i ns t ruments and equ ipment .
Ma in tenance technic ians w i l l be t ra ined in t he
context of the Agrhymet p rog ram as of Febru-
ary 1979. The dura t ion of the course w i l l be 2 
years. Candidates m u s t possess a senior sec-
ondary schoo l cert i f icate (Bac C or D or
techn ique) . T h e course covers all me teo ro log i -
cal and hydro log ica l i ns t ruments and the tele-
c o m m u n i c a t i o n s e q u i p m e n t . M a i n t e n a n c e
laborator ies w i l l be located in each capi ta l .
Mob i l e ma in tenance uni ts may be establ ished
at a later date.
D o c u m e n t a t i o n a n d Ana lys is
Data f i les w i l l be establ ished at nat ional and
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regional headquar ters as f r o m the beg inn ing of
the operat iona l phase o f the p rog ram. Acqu i -
s i t ion of past meteoro log ica l observat ions in
dig i ta l f o r m fo r these centers is under taken w i th
t h e coopera t ion of ASECNA, ORSTOM, and a 
Belgian con t r ibu t ion to the p rog ram. Acqu is i -
t i on o f past agr icu l tura l and pheno log ica l ob -
servat ions may be m o r e d i f f icu l t , bu t shou ld be
at tempted w i t h the help o f gove rnmen t de-
par tments and research inst i tut ions.
Ana lys is can be under taken at nat ional head-
quarters w i t h i n the l imi ts imposed by avai lable
compute r capaci ty, scient i f ic expert ise, and
data banks. The faci l i t ies of the regional center
may be used fo r analysis tha t requires a re-
g ional rather than a nat ional v o l u m e of data,
special scient i f ic know ledge that may not be
avai lable at any one m o m e n t at nat ional head-
quarters, or an enlarged compu te r capacity. The
quasi - real - t ime analysis of data col lected by
1200 shou ld be achieved by 1800 or 1900 hours
each day.
It is cons idered that certain rout ine analyses
shou ld be executed dai ly by t he regional center,
us ing data that have been t ransmi t ted by 1200
hrs. Th is analysis cou ld cover water balance
calculat ions, and i n fo rma t i on on p lan t ing and
early deve lopmen t of crops, on disease and
pest inc idence and potent ia l pest and disease
deve lopment , on harvest ing cond i t ions , etc. At
a later date, i n fo rma t ion on i r r igat ion requi re-
ments may be f o rmu la ted . Other f ie lds of appl i -
cat ion cou ld concern tempera tu re reg imes, as
for instance f o r t h e February s o w i n g of i r r igated
rice. The hydro log ica l c o m p o n e n t of the pro-
gram cou ld p rov ide rapid i n fo rma t ion for the
pract ice of f l ood retreat crops. Many other
appl icat ions may become pract ical .
Accumu la ted data banks w i l l also a l l ow easy
access fo r stat ist ical analyses tha t are needed
by t he p lan i f icat ion services. At present,
meteoro log ica l and hydro log ica l aspects in
rural deve lopmen t p lann ing are of ten in-
suf f ic ient ly researched because establ ish ing an
access to accumula ted data is t oo t i m e con-
sum ing .
Dissemination of Information
The d issemina t ion process depends on the
nature o f the i n fo rma t i on that was requested or
p rov ided and on the users to be contacted.
Summar i es of stat ist ical analysis of past data
of ten are speci f ical ly requested f o r p lann ing
purposes by we l l -de f ined users and can be
t ransmi t ted direct ly to t h e m . I t can also be
d isseminated in pr int , restr ic ted, or as a genera l
pub l ica t ion .
In fo rmat ion der ived f r o m analysis o f quasi-
real- t ime data can be cons idered to have t w o
dis t inct g roups o f users n u m b e r i n g in the tens
or hundreds per coun t ry , one consists of p lan-
ners and persons charged w i t h t he execut ion o f
specif ic p rog rams or act iv i t ies, e.g. c rop pro-
duc t ion . The other g roup , n u m b e r i n g in the
mi l l i ons , consists o f t he p r imary producers in
the Sahel , the fa rmers and he rdsmen .
Data assembled by the end of each day at
nat ional headquarters, ei ther f r o m its o w n
sources, or after re t ransmiss ion by rad io tele-
t ype f r o m the N iamey reg ional center can be
mul t ip l ied by electronic stenci l and d is t r ibu ted
to the off ic ials concerned. In th is way , observa-
t ions f r o m f ie ld s tat ions made by 0800 hrs on a 
certain day shou ld result in consol idated infor-
ma t ion avai lable at the gove rnmen t off ic ials '
desk the next m o r n i n g at 0800 hrs.
To reach the p r imary producers , radio broad-
casts are the best m o d e of d i f fus ion. Appropr i -
ate i n fo rma t ion shou ld be g iven at the end of
the day to a smal l g r o u p of peop le especial ly
qual i f ied to pu t i t in a f o r m that can be easily
unders tood by fa rmers and he rdsmen. This
g roup m i g h t consist of a hyd rometeo ro log i s t ,
an ag ronomis t , an agr icu l tura l ex tens ion
special ist, a radio broadcast special ist , and a 
rural socio logist .
It is essential that the agr icu l tura l depart -
ments and the agr icu l tura l ex tens ion services
part ic ipate fu l l y in these d issemina t ion ac-
t iv i t ies. Agr icu l tu ra l extens ion workers in the
vi l lages shou ld be adequate ly t ra ined in the
in terpreta t ion and exp lanat ion of such mes-
sages at t he v i l lage level .
Effective me thods for d i ssemina t ing infor-
ma t i on need to be m o r e fu l l y s tud ied , w i t h the
act ive coopera t ion of social scient ists and of-
f ic ials of agr icu l tura l depar tments , and the re-
sults of such a s tudy mus t be careful ly
examined before imp lemen ta t i on .
Role of the Regional
Agrhymet Center
The reg ional ag rhyme t center has th ree ma in
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areas of act iv i ty:
• T ra in ing ;
• Data analysis and i n fo rma t i on d issemina-
t i o n ; and
• App l i ed research
I t cooperates, wherever possib le, w i t h ins t i tu-
t ions w i t h s imi lar object ives in Af r ica and
elsewhere in the w o r l d .
T r a i n i n g
The t ra in ing of Class IV personnel (observers) is
assured by the nat ional meteoro log ica l ser-
vices. The Center, however , p rov ides the sy l -
labus and teaching mater ials. I t may also, on
request, p rov ide inst ructors in special ized
f ie lds, such as phenolog ica l observat ions, or
s imp le ins t rument ma in tenance, or cod ing and
t ransmiss ion of messages. I t can sanct ion such
t ra in ing by issuing a d i p l oma , after successful
comp le t i on of an examina t ion .
The t ra in ing of Class III personnel in ag-
rometeoro log ica l or hydro log ica l techn iques
has been, and wi l l con t inue to be, a ma jor
act iv i ty of t he center. Candidates w i th Senior
High Schoo l Leaving Cert i f icate can be admi t ted
as wel l as candidates at an equiva lent level w h o
have passed a series of compet i t i ve tests. The
t ra in ing p rog ram has been establ ished accord-
ing to W M O guide l ines and extends over 2 
years, inc lud ing pract ical work . Seventy stu-
dents have so far (unt i l 1978) been accepted by
the center, of w h o m 30 have received the i r
d ip loma . Several other Francophone Af r ican
states have asked admiss ion to the center fo r
s tudents f r o m thei r countr ies.
One t ra in ing course has been held fo r Class I I
personnel in ag rometeoro logy . A second 2-year
course w i l l start in late 1978; candidates mus t
have 2 years of un ivers i ty t ra in ing in mathe-
mat ics, physics, meteoro logy , agr icu l ture , or
b io logy. The p r o g r a m fo l l ows the W M O gu ide-
l ines.
No t ra in ing of Class I personnel in ag-
rome teo ro logy or hyd ro logy has so far been
under taken. I t has been cons idered tha t the
resources avai lab le at the center shou ld , in the
f irst instance, be d i rected to the t ra in ing of a 
large n u m b e r of technic ians rather than of a 
smal l n u m b e r of Class I personne l .
D a t a Ana lys is
Data analysis w i l l concern three ma jo r f ie lds of
act iv i ty :
• Analys is of data in real - t ime or quasi-real-
t i m e fo r operat ional pu rposes ;
• Analys is of past data;
• Analys is to p rov ide g round- t ru th data for
satel l i te imagery in terpreta t ion.
Analysis in (Quasi) Real-Time
This analysis w i l l be effected fo r use by execu-
t ives of operat ional (government ) services and
pr imary producers. I t w i l l cover water-ba lance
analysis on a day- to-day basis, tak ing into
account the crop, so i l , and weather character is-
t ics ; cond i t ions fo r s o w i n g ; g r o w t h and avai l -
abi l i ty of natural pasture; condi t ions for harvest-
i ng ; ex ist ing and probab le outbreaks of pests
and diseases; i r r igat ion requ i rements ; temper -
ature requ i rements for i r r igated dry season
crops. I t may also, in coopera t ion w i t h the
agr icu l tura l services, g ive detai ls on agr icu l tura l
operat ions, such as fert i l izer app l ica t ion , that
are cond i t ioned by meteoro log ica l cond i t ions
that affect crops.
Analysis of Past Data
This analysis w i l l cover a w i d e f ie ld of subjects,
wh i ch can be added to as needed. Analys is of
past rainfal l data, already wel l under way , wi l l
becomp le ted , inc lud ing probabi l i t ies at dif fer-
ent levels and t i m e scales, intensi ty analysis,
and calcu lat ion of e ros ion hazard.
Water-ba lance calculat ions wi l l f o r m a major
part o f t he analysis. We feel tha t the t i m e of
water -ba lance calculat ions based on mean va l -
ues of rainfal l and evapora t ion has passed and
that t he var iab i l i ty in avai lable wa te r under
specif ied cond i t ions and based on a run of
ind iv idua l data of rainfal l and evapora t ion of
past years is n o w requ i red. Such analysis w i l l
aid in t he select ion of crops and var iet ies,
sow ing dates, and agr icu l tura l pract ices, inc lud-
ing i r r igat ion.
An analysis w i l l also be m a d e of t empera tu re
reg imes in areas w i t h a dry-season (cool or hot)
i r r igat ion potent ia l , to assist in a rat ional cho ice
of crops, var ie t ies, and agr icu l tura l practices.
Analys is o f w i n d data w i l l be made to assess
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the potent ia l of exp lo i ta t ion of eol ian energy.
The analysis o f data to p rov ide g r o u n d t ru th
fo r Landsat imagery in terpretat ion w i l l have to
be def ined in detai l after consu l ta t ion w i th the
Ouagadougou Center fo r t e lemon i to r i ng and
the var ious users, such as FAO, CILSS, and
many overseas universi t ies. Conversely, Land-
sat imagery w i l l be of great va lue in the prepa-
rat ion of i n fo rmat ion in quasi- real - t ime.
The data analysis operat ions w i l l start after
insta l la t ion of the necessary equ ipment , fo re-
seen fo r a u t u m n 1979. This part of the p r o g r a m
should be operat iona l by 1982.
A p p l i e d Research
The Center w i l l have a role in the execut ion of
appl ied research in cooperat ion and associat ion
w i t h other nat ional and in ternat ional o rgan i -
zat ions and g o v e r n m e n t depar tments . Th is
appl ied research may cover, a m o n g other sub-
jects, p lant -so i l -a tmosphere re lat ionships in
dif ferent crops and under dif ferent agr icul tural
cond i t i ons ; the energy balance over d i f ferent
surfaces; the radiat ion balance; the effect of
ex t reme tempera tu res on agr icu l tura l p roduc-
t i o n ; the w i n d reg ime and its exp lo i ta t ion ; the
economic use of wa te r in agr icu l tu re ; gra in
storage at the v i l lage leve l ; and eros ion cont ro l .
Other subjects may wel l become pr ior i ty i tems
of research by the t i m e th is aspect of t he
Center 's act iv i ty becomes fu l ly opera t iona l ,
w h i c h is p robab ly not before 1985.
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Northeast Brazil is a semi-arid area with a well established network of meteorological 
stations. Thereare 103 main climatological stations for collection of routine meteorolog-
ical observations. Most of the surface data collected by several organizations from these 
stations have been computerized and stored on magnetic tapes. In addition, upper-air 
data are also collected routinely by five different organizations. A recent survey 
identified seven centers in the northeast Brazil which are starting or already carrying out 
agrometeorological data collection in northeast Brazil is characterized by duplication 
and needs new and uptodate equipment and trained personnel. Procedures for 
standardization and centralization of data processing are urgently required. 
Northeast Brazil occupies an area of about 1.5
mi l l i on square k i lometers 1 o f w h i c h approx i -
mately 700 000 to 800 000 k m 2 are w i th in the
area usual ly k n o w n as the " D r o u g h t P o l o g o n "
(Pol igono das Secas); the area has a semi-ar id
cl imate. This region is located between 2° ana
17°S and 34° and 47°W. It has accord ing to the
off icial est imates fo r 19782 a popu la t i on of
34 500 000 inhabi tants, a lmos t 30% of Brazil 's
to ta l . The area is s t rong ly affected by per iodic
d rough t , w h i c h of ten depends m o r e on social
and e c o n o m i c cond i t i ons t h a n on m e t e o r o -
l o g i c a l f a c t o r s . T h i s f a c t can b e c l e a r l y
demons t ra ted by compa r i ng the annual ra infal l
chart (Fig. 1) and the percentage of d rough t
inc idence (Fig. 2).
Systemat ic wea the r observat ions in Nor th -
east Brazil started in 1 9 0 9 w i t h t h e i n s t a l l a t i o n o f
a ne twork of p luv iomet r i c and hydromet r i c
stat ions located in the ma in r iver basins of the
reg ion. Dur ing many decades, th is ne twork was
establ ished and managed by the Depar tmen to
* Director, Technical Act iv i t ies Off ice,
Pernambuco , Brazil.
IPA, Recife,
1. F rom Empresa Pernambucana de Pesquisa A g -
ropecuar ia, IPA, Recife, Pe rnambuco , Brasi l .
2. " A n u a r i o Estatist ico do Bras i l , " 1976 — IBGE, v.
37, Rio de Jane i ro , Brasi l .
Nacional de Obras Contra as Secas, or DNOCS
(Nat ional Depar tment o f Works Aga ins t the
Drought) . The p luv iomet r i c data obta ined f r o m
a network of 352 DNOCS stat ions are pub l i shed
on a m o n t h l y basis.3 They are avai lable, on a 
dai ly basis, in the Super in tendenc ia do Desen-
v o l v i m e n t o do Nordeste, or SUDENE (Nor th-
east Deve lopment Super in tendence) at its De-
pa r tmen to de Recursos Natura is , DRN (Natural
Resources Depar tment) . SUDENE 4 also pub-
l ished the " i n na tu ra " data of 725 p luv iomet r i c
stat ions, on a m o n t h l y basis, us ing i n fo rma t ion
obta ined f r o m the DNOCS network , f i l led out
w i t h data ob ta ined e lsewhere.
M e t e o r o l o g i c a l N e t w o r k
of N o r t h e a s t Braz i l
In Brazi l , meteoro log ica l observat ions, data co l -
lect ing, process ing and analys is ; and wea ther
forecast ing are pe r fo rmed by the Inst i tuto
Nacional de Meteoro log ia ( INEMET), Min is ter io
da Agr icu l tu ra (Nat ional Meteoro log ica l Inst i-
tu te , Agr icu l tu ra l Min is t ry ) . This Inst i tute has
main ta ined 42 sur face meteoro log ica l s tat ions,
3. Observacoes Pluv iometr icas do Nordeste do
Brasi l , 1969, DNOCS, Fortaleza, Ceara, Brasi l .
4 . Dados P luv iomet r icos Mensa is in natura, 1970.
SUDENE-DRN, Recife, Pe rnambuco , Brasi l .
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Summary
Climatological Features of the Semi-Arid Tropics:
Meteorological Network and Studies
in Northeast Brazil
Figure 1. Annual mean rainfall in Northeast Brazil. 
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Figure 2. Drought incidence (%) in Northeast Brazil 
classif ied as " m a i n c l imato log ica l s tat ions
(synopt ic ) , " in Northeast , s ince 1960.
W h e n SUDENE was establ ished i t became
concerned w i th the insta l la t ion o f me teo ro log i -
cal networks that cou ld p rov ide the basic infor-
ma t ion necessary fo r the reg ion. SUDENE car-
ried out studies related to the d is t r ibu t ion of
stat ions geograph ica l ly , t he select ion and t ra in -
ing of meteoro log ica l s ta t ion pe rsonne l ; as we l l
as the insta l la t ion and ma in tenance of the
network du r ing its f i rst years of f unc t i on ing .
Agreemen ts fo r technical and f inancia l cooper-
a t ion we re s igned be tween SUDENE, INEMET,
and in ternat ional organizat ions such as the
W M O .
From t h e prev ious INEMET network , 38 sta-
t ions w e r e ut i l ized after be ing a lmost ent i re ly
re-equipped and rebui l t .
A l l t he stat ions o f the Nor theast ne twork w e r e
set up accord ing to the p rede te rmined pat tern
and equ ipped w i t h s tandard set o f ins t ruments .
Twen ty - two aero log ica l stat ions (10 ra-
d iosonde and 12 p i lo t bal loon) and 103 surface
stat ions (main c l imato log ica l ) are n o w in oper-
at ion in Nor theast Brazil (Fig. 3).
In regard to the p luv iomet r i c ne twork ,
SUDENE has increased to m o r e than 2000 t he
number o f p luv iomete rs i n t h i s region (Fig. 4 ,5) .
The n u m b e r of meteoro log ica l s tat ions in
operat ion in the Nor theast and the n u m b e r of
p luv iometers and evapor imeters (Class A-Pan)
are summar ized in Tab le 1. Figures 6 and 7 
s h o w the geograph ica l d is t r ibu t ion o f the
p luv iographs and evapor imeters , respect ively.
R o u t i n e O b s e r v a t i o n s
Observat ions carr ied out in the 103 ma in
c l imato log ica l s tat ions inc lude:
A tmospher i c pressure
Barometr ic tendency
Surface-air tempera tu re
M a x i m u m and m i n i m u m tempera tu res
Humid i t y
Rainfal l ( inc lud ing intensi ty and durat ion)
Evaporat ion
Direct ion and speed of the sur face w i n d
Soi l t empera tu re at d i f ferent depths
Durat ion of br ight sunsh ine
Tota l i ncom ing radiat ion (direct p lus dif fuse)
Daily sur face observat ions are m a d e at 0900
(12 GMT) , 1500 (18 GMT) , and at 2100 (24 GMT)
hours. Aero log ica l p rob ings are made only at
0900 (12 GMT) hours.
I n s t r u m e n t a t i o n
Atmospher i c pressure is observed th rough
mercury barometers (For t in- type or Kew-type)
and anero id m ic robarographs .
The observat ions of the surface-air tempera-
tu re ut i l ize a s tandard t h e r m o m e t e r ( l iqu id- in-
glass) and the h u m i d i t y is observed t h rough
aspirated air psychrometers (August type).
Each s ta t ion is sti l l equ ipped w i t h a week ly
record ing t h e r m o h y g r o g r a p h . Ins t rument shel-
ters are set at 1.5 to 1.8 m above the g r o u n d .
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Table 1. Meteorological Network, Northeast Brazil, 1978.
Cl imato log ica l Aero log ica l Stat ions Pluv io- Pluvio- Evapor imeters
State Stat ions Radiosonde Pilot Ba l loon meters graphs Class-A Pan
Maranhao 13 2 1 113 6 1
Piaui 12 1 3 202 15 9
Ceara 12 1 2 257 34 16
Rio G. do Nor te 5 - - 131 13 5
Paraiba 7 - 1 134 14 5
Pernambuco 10 2 - 275 25 9
Alagoas 6 - - 65 1 1
Serg ipe 3 - 1 62 3 3
Bahia 28 3 3 564 37 8
Minas Gerais 6 - 1 102 2 -
Fernando de Noronha 1 1 - 1 1 1
Total 103 10 12 2006 151 58
Figure 3. Meteorological network (geographical distribution) in Northeast Brazil.
2 1
Radiosonde
P i l o t Ba l loon
Main c l i m a t o l o g i c a l
Aerometeoro log ica l
P ro jec ted Ins ta l l ed
Par t ia l Complete
Figure 4. The DNOCS pluviometric network in Northeast Brazil before 1960. 
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Figure 5. The present distribution of pluviometers in Northeast Brazil. 
Rainfal l is measured by s tandard ra ingauges
(Vil le de Paris type). The rainfal l record is m a d e
t h r o u g h s y p h o n p luv iog raphs (He l lmann- type) ,
or by balance and syphon type.
Evaporat ion is measured by t he k n o w n
" U S W B Class A land p a n " ut i l iz ing a st i l l -wel l
and a m ic romete r . T h e so-ca l led Piche
evapor imeters are also insta l led in the shelters.
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Figure 6. Geographical distribution of pluviographs in Northeast Brazil. 
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Figure 7. Thermo-evaporimetric network in Northeast Brazil. 
Direct ion and speed o f the surface w i n d are
observed t h rough the anemographs (Universal
type) located 10 m above the g r o u n d . As an
add i t iona l ins t rument , t he w i n d vane (Wi ld
type) is ut i l ized. S o m e stat ions are equ ipped
w i t h an electric anemome te r located 2 m above
the g r o u n d .
Soi l tempera tu res are ob ta ined t h rough a set
of mercury- in-g lass geo the rmomete rs at dif-
ferent depths, general ly at 5, 10, 20, 50, and (in
s o m e cases) 100 cm.
The dura t ion of sunsh ine is obta ined t h rough
crysta l -sphere he l iographs (Campbel l -Stokes
type) , and the to ta l i n com ing rad ia t ion is ob -
ta ined t h rough b imeta l l ic week ly record ing
act inographs (Robitzsch-type).
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The rad iosonde stat ions uti l ize the equ ipmen t
"Va isa la " , mode l RS-21. 12, and the radio-
theodo l i te " M E T O X . "
M e t e o r o l o g i c a l D a t a ; t h e
S i t u a t i o n i n S e p t e m b e r 1 9 7 8
S u r f a c e D a t a
Several organizat ions, s o m e of w h i c h are l isted
be low, col lect sur face meteoro log ica l data in
Nor theast Brazil. They inc lude:
• Inst i tu to Nacional de Meteoro log ia ( IN-
EMET), Min is t6 r io da Agr i cu l tu ra (Nat ional
Meteoro log ica l Inst i tute, Min is t ry o f A g -
r icu l ture) ;
• Diretor ia de Electrdnica e Protecao ao V 6 o
(DEPV), M in is te r io da Aeronaut ica (Elec-
t ron ics and Flying Protect ion Manage-
ment , A i r Force Min is t ry ) ;
• Depar tamento Nacional de Obras Contra
as Secas (DNOCS), Min is t6 r io do Inter ior
(Nat ional Depar tment o f Works Aga ins t the
Drough t , Inter ior M in is t ry ) ;
• Super in tendenc ia do Desenvo lv imen to do
Nordeste (SUDENE), Min is ter io do Inter ior
(No r theas t D e v e l o p m e n t S u p e r i n t e n -
dence, Inter ior M in is t ry ) ;
• Diretor ia de Hidrograf ia e Navegacao — 
DHN, Min is te r io da Mar i nha (Hyd rog raph i c
and Nav iga t ion Management , Navy Min is -
t ry ) ;
• Un ivers idade Federal da Paraiba (UFPb),
Min is t6 r io da Educacao e Cul tura (Federal
Un ivers i ty of t he State of Paraiba, Educa-
t i on and Wel fa re M in is t ry ) ;
• Inst i tu to de At iv idades Espaciais, IAE do
Cent ro T6cnico Aeroespac ia l CTA, " M i n i s -
ter io da Ae ronau t i ca " (Spacial Act iv i t ies
Inst i tute of Technica l Aerospacia l Center,
A i r Force M in i s t r y ) ;
• Other ins t i tu t ions such as IPA, Agr icu l tu ra l
Col leges, EMBRAPA Research Centers,
Agr i cu l tu ra l State Secretar iats, etc.
The deta i led opera t ions and data col lected by
these agencies are descr ibed be low.
INEMET
The Nat ional Meteoro log ica l Inst i tute, under an
agreement w i t h SUDENE, operates 103 ma in
c l imato log ica l s tat ions in the Northeast. S o m e
have been func t i on ing s ince the beg inn ing o f
t he century. These stat ions col lect about 15
meteoro log ica l observat ions th ree t imes per
day, and have an average of six or seven
record ing ins t ruments w i th dai ly or week ly
charts.
Mos t o f t he data of the INEMET c l imato log ica l
stat ions in the Nor theast are computer ized and
stored on magnet ic tape, as f o l l o w s :
From 1910 to 1960: These data w e r e proces-
sed by t he " Ins t i t u to de Pesquisas Espaciais — 
INPE" (Space Research Inst i tute), in Sao Jose
dos Campos, Sao Paulo, and by the " A s -
sociacao Tecnico-Cienti ' f ica Luiz de Ol iveira
J u n i o r — A T E C E L " , " U F P b " ( T e c h n i c a l -
Scient i f ic Assoc ia t ion Luiz de Ol iveira Jun io r ) ,
i n C a m p i n a G r a n d e , P a r a i b a , u t i l i z i n g
" S U D E N E " funds. The magnet ic tapes can be
found in " S U D E N E " headquar ters in Recife,
Pernambuco.
From 1961 to 1970: These data were proces-
sed by t he " Ins t i tu to de Pesquisas Espaciais — 
INPE" (Space Research Insti tute), in Sao Jos6
dos Campos, Sao Paulo, ut i l iz ing t he funds of
th is Inst i tute and " INEMET. " The data are in
magnet ic tapes and can be obta ined f r o m " I N -
EMET" headquar ters , in Brasil ia or f r o m " I N P E "
headquarters in Sao Jose dos Campos, Sao
Paulo.
From 1970 o n : These data are being proces-
sed and can be f o u n d at present in " I N E M E T "
headquar ters in Brasi l ia, Dist r i to Federal. There
is no p rov is ion as to the conc lus ion of these
activi t ies.
DEPV/IAE-CTA
The "D i re tor ia de Electrdnica e Protecao ao
V 6 o — D E P V " (Electronics and Flying Protec-
t ion Management ) operates synopt ic aeronau-
t ical s tat ions in the m a i n a i rpor ts o f t he reg ion.
Most of these col lect about 15 meteoro log ica l
parameters each hour (some func t ion t h r o u g h -
out t h e day , mak ing 24 observat ions) and have
an average of six record ing ins t ruments w i t h
da i ly graphics.
Wh i l e co l lect ion is d o n e by "DEPV," t he data
are be ing s tored in " IAE-CTA."
" IAE-CTA" also has 32 te lep luv iomet r i c sta-
t ions in a relat ively smal l area c l ose to Petro l ina,
Pernambuco, and Juazeiro, Bahia, as a f o l l o w u p
to a research pro ject on wea the r mod i f i ca t i on .
DNOCS
DNOCS had a network of hyd romet r i c s tat ions
(some o f w h i c h w e r e t h e r m o p l u v i o m e t r i c s ) , but
the responsib i l i ty f o r opera t ion w a s t ransferred
to " S U D E N E . " DNOCS stil l col lects data f r o m
pond basins and f r o m representat ive r iver ba-
sins in t he Northeast .
SUDENE
The "D iv isao de H id rometeoro log ia " (Hydro-
me teo ro logy Div is ion) of SUDENE operates,
under an agreement w i t h " I N E M E T " , 103 ma in
c l imato log ica l stat ions in the area covered by
th is agency. The data are f o rwa rded to INEMET.
This d iv is ion also operates the o ld DNOCS
hydromet r i c ne twork wh i ch n o w has 2006 sta-
t i ons ; s o m e we re func t ion ing in the last century
(Fortaleza, Ceara, in 1849; Q u i x e r a m o b i m ,
Ceara, in 1896; Mossoro , Rio Grande do Nor te ,
in 1899; Joao Pessoa, Paraiba, in 1893; Recife,
Pernambuco, in 1842 and 1889; and Salvador,
Bahia, in 1883). Of these, 151 operate rainfal l
recorders, 58 operate evapor imeters (pans),
and 250 are f luv iomet r i c stat ions. " S U D E N E "
also operates networks in representat ive r iver
basins, in w h i c h the n u m b e r of s tat ions is
var iab le , depend ing on the r iver basin under
study. Norma l l y , those networks func t ion for a 
5-year per iod . Data are be ing processed by
" S U D E N E " .
UFPb
The " N u c l e o de Meteoro log ia Ap l icade — 
N M A " , UFPb (App l ied Me teo ro logy Center), in
Campina Grande, Paraiba, has operated since
1973 a ne twork of so lar imetr ic stat ions in dif-
ferent regions of t he State of Paraiba. Each
stat ion is equ ipped w i t h a he l iograph, an
ac t inograph f o r t o t a l i n c o m i n g rad ia t ion, and an
act inograph for d i f fuse sky radiat ion. Besides
these data, " N M A " has a general record of
" I N E M E T " data.
UFCe
UFCe and other ins t i tu t ions operate d i f ferent
ne tworks of ag rometeoro log ica l s tat ions in
the i r respect ive geograph ica l areas.
A l t i t u d e D a t a
The a l t i tude data ( rad iosonde, p i lo t ba l l oon , etc)
are basical ly col lected by the f o l l ow ing organ i -
zat ions.
• Inst i tuto Nacional de Meteoro log ia — 
INEMET, Min is ta r io da Agr i cu l tu ra (Na-
t iona l Meteoro log ica l Inst i tute, Agr i cu l -
tu ra l Min is t ry) .
• Diretor ia de Electronica e Protecao ao
V6o — DEPV, Min is t6 r io da Aeronaut ica
(Electronics and Fly ing Protect ion M a n -
agement , A i r Force Min is t ry) .
• Inst i tuto de At iv idades Espaciais — IAE do
Cen t ro T6cn i co A e r o e s p a c i a l — CTA,
"M in i s t 6 r i o da Ae ronau t i ca " (Spacial Ac t i -
v i t ies Inst i tute of Technical Aerospacia l
Center, A i r Force Min is t ry) .
• Super in tendenc ia do Desenvo lv imen to do
Nordeste — SUDENE, Min is te r io do In-
ter ior (Nor theast Deve lopment Super in -
tendence, Inter ior Min is t ry ) .
• Te lecommun icacoes Aeronaut i cas S/A
— TASA (Aeronaut ics Te lecommun ica -
t ions Corporat ion) .
The data col lected by these organizat ions, as
wel l as the detai led operat ions of each one , are
descr ibed be low.
INEMET/SUDENE
INEMET operates in the Nor theast , under an
agreement w i t h SUDENE, 12 p i lo t ba l loon and
10 rad iosonde-w ind stat ions. Data are be ing
processed by " I N P E " and " IAE-CTA." Data co l -
lect ion star ted approx imate ly in 1967; bu t mos t
of the stat ions began func t i on ing only a round
1970. The or ig ina l data are f o u n d in " S U D E N E "
headquar ters in Recife.
DEPV/IAE-CTA
In the Nor theast DEPV operates one rad io-
sonde-w ind s ta t ion, in Nata l , Rio Grande do
Nor te , and s o m e p i lo t ba l loon stat ions. Data are
being s tored in " I A E " o f " C T A , " w h i c h is also
process ing t h e m .
T A S A
This agency col lects a l t i tude data f r o m other
inst i tu t ions and those ob ta ined f r o m t h e c o m -
mercia l aircraft f l y i ng over t h e Sou th At lant ic .
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T h e M e t e o r o l o g i c a l S i t u a t i o n
in N o r t h e a s t Braz i l
M e t e o r o l o g i c a l N e t w o r k o f S t a t i o n s
The present status of the meteoro log ica l obser-
vat ions in Northeast Brazil is character ized by:
• Dupl icat ion of ef for ts by inst i tu t ions, w h i c h
hampers eff iciency.
• Need fo r new and up- to-date equ ipment .
• A shor tage of qual i f ied personne l .
A g r o m e t e o r o l o g y
Systemat ic meteoro log ica l observat ions of in-
terest to ag rometeo ro logy (exc lud ing, there-
fo re , those ob ta ined f r o m specif ic tr ials) are
made in t he Nor theast , especial ly by the f o l l ow-
ing organizat ions:
• Inst i tuto Nacional de Meteoro log ia ( IN-
EMET), the Nat ional Meteoro log ica l Insti-
tu te , w i t h 103 c l imato log ica l sur face sta-
t ions.
• Depar tmen to Nacional de Aguas e Ener-
gia Electrica (DNAEE), the Nat ional De-
pa r tmen t o f Water and Electric Power w i t h
p luv iomet r i c stat ions.
• Agr icu l tu ra l State Secretar iats and the in-
s t i tu t ions l inked to t h e m w h i c h make up
state networks of agroc l imato log ica l sta-
t ions.
• Super in tendenc ia do Desenvo lv imen to do
Nordeste (SUDENE), the Nor theast Devel-
o p m e n t Super in tendence evapor imet r ic
and f l uv iomet r i c stat ions.
• Depar tamento Nacional de Obras Contra
as Secas (DNOCS), the Nat ional Depart-
men t o f Works Aga ins t the Drought , w i t h
its p luv iomet r i c network.
Def in ing the op t ima l d is t r ibu t ion and densi ty
of the necessary ne twork of meteoro log ica l
observat ions is a mat ter of cons iderab le c o m -
plexi ty . Approaches shou ld be related to the
object ives to be reached. Thus the necessary
network fo r wea the r fo recas t ing , fo r example , is
not the same as that requi red fo r an agroc l ima-
t ic zon ing . In ag rometeo ro logy , the op t ima l
densi ty of a ne twork in a g i ven reg ion depends
on the intensi ty of the agr icu l tura l and l ivestock
activi t ies. Ano ther impor tan t aspect is the
necess i ty o f p l a n n i n g l o n g - r a n g e agro -
meteoro log ica l studies, s ince any act iv i ty to
be carr ied out w i l l depend on the avai labi l i ty of
data over a reasonably long per iod . The fo l l ow-
ing steps exclusively related to ag rometeoro l -
ogy, w i l l no t remove the p r o b l e m in the nor th -
east, bu t w i l l be very he lp fu l in so lv ing i t :
• I t w o u l d be conven ient and eff ic ient to
c o m p l e m e n t the p luv iomet r i c s tat ions,
perhaps w i t h m a x i m u m and m i n i m u m
the rmome te r s w h i c h requ i re on ly a dai ly
observa t ion .
• A s t a n d a r d i z a t i o n of o b s e r v a t i o n
t e c h n i q u e s t h r o u g h o u t t h e networks under
INMET superv is ion is requ i red.
G e n e r a l R e c o r d s o f D a t a
Just as there is cons iderab le var ia t ion in
number and dai ly t i m i n g of observat ions, there
is no standardizat ion as to the process ing of
these data. Each ins t i tu t ion w h i c h w o r k s w i th
extensive series of data establ ishes, ind iv idu-
ally, its p rog rams w i t h o u t close coord ina t ion
w i t h others.
Since the agrometeoro log ica l research w i l l
depend on the qua l i ty and s tandard izat ion o f
i n fo rma t i on , i t is suggested tha t the activi t ies
w i t h i n th is f ie ld shou ld be central ized in order to
obta in u n i f o r m process ing of data.
A g r o m e t e o r o l o g i c a l Research
i n t h e N o r t h e a s t :
T h e P r e s e n t S i t u a t i o n
The in fo rmat ion g iven here and in the f o l l o w i n g
sect ion was taken f r o m a survey carr ied ou t by
EMBRAPA.5
S i t u a t i o n in Braz i l
Agrometeo ro log i ca l research started in Brazil
a round 1950, t h r o u g h the isolated ef for ts of
some researchers f r o m state and federa l ins t i tu -
t ions located in the states of Rio Grande do Su l ,
Sao Paulo, and Bahia. In the last decade, the
expans ion of agr icu l ture has increased the need
5. Projeto Nacional de Ag rome teo ro log i ca (PNAM),
EMBRAPA (pre l im inary paper) , 1978.
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fo r inves tment in ag rometeoro logy , to s tudy the
inf luence of c l imat ic e lements on crop de-
ve lopmen t and y ie lds. H u m a n resources re-
ceived ful l suppor t f r o m 1974 on. Several Brazi-
l ian researchers have taken advanced courses
abroad and the f i rst pos tgraduate courses have
been star ted in th is count ry .
EMBRAPA's survey identi f ied 34 inst i tut ions
or centers, wh i ch are n o w star t ing or al ready
carry ing out agrometeoro log ica l research.
These inst i tu t ions are d is t r ibu ted a m o n g the
di f ferent Brazil ian regions, as f o l l ows : 2 in the
Nor th (Amazon) , 4 in the Midd le-West , 11 in the
Southeast , 10 in the Sou th , and 7 in the Nor th -
east.
S i t u a t i o n in t h e N o r t h e a s t
The ins t i tu t ions or centers n o w star t ing or
already carry ing out agrometeoro log ica l re-
search in the N o r t h e a s t — i n c l u d i n g those lo-
cated outs ide the semi-ar id zone — are:
• Centro de Ciencias Agrar ias (CCA), Univer-
s idade Federal do Ceara UFCE (Rural Sci-
ences Center, Federal Univers i ty of Ceara).
• Cent ro de Ciencias e Tecno log ia (CCT),
Un ivers idade Federal da Parai'ba — UFPb
(Technology and Sciences Center, Federal
Univers i ty of Paraiba).
• Centro Nacional de Pesquisa do A l g o d a o
(CNPA/EMBRAPA) (Nat ional Cot ton Re-
search Center).
• Cent ro Nacional de Pesquisa de Capr inos
(CNPC/EMBRAPA) (Nat ional Sheep and
Goat Research Center).
• Cent ro de Pesquisa Agropecuar ia do
Trop ico Semi -Ar ido (CPTSA/EMBRAPA)
(Agr icu l tu ra l and Livestock Research
Center for the Semi -Ar id Tropics) .
• Centro de Pesquisa do Cacau (CEPEC),
Comissao Executiva do Piano da Lavoura
Cacaueira — CEPLAC (Cacao Research
Center, Execut ive Commiss ion o f t he
Cacao Farming Plan).
• Empresa Pernambucana de Pesquisa A g -
ropecuar ia , Secretaria da Agr i cu l tu ra do
Estado de Pernambuco — SAG-PE (Ag-
r icu l tura l and Livestock, Pernambuco Re-
search Enterpr ise, Agr icu l tu ra l Secretar iat
of the State of Pernambuco) .
However, f e w papers on c l imato logy or agro-
meteoro logy in the Nor theast have been pub-
l ished.
Accord ing to the avai lable i n fo rmat ion , i t is
ev ident tha t mos t papers are related to t he
water balance on a regional basis. In the re-
search inst i tu t ions exclusively dedicated to a 
sole product , such as CEPEC-CEPLAC, several
papers have been pub l ished on studies of
p lan t -pa thogen-env i ronment interact ions. At
present, in the Northeast , three Centers stand
out.
1 . CCT-UFPb, t h r o u g h t h e Nuc leo de
Meteoro log ia Apl icada (Appl ied Meteoro logy
Center), s i tuated in Campina Grande, Paraiba,
dedicated chief ly to studies on agroc l imat ic
zon ing, ra infa l l , and meteoro log ica l i ns t rumen-
ta t ion.
2. CPATSA/EMBRAPA, located in Petrol ina,
Pernambuco, focuses its agrometeoro log ica l
research on the analysis of the relat ions bet-
ween c l imate, soi l and plants in t he semi-ar id
zones. Its object ive is to select areas fo r in t ro-
duct ion o f dry f a r m i n g , based on the quant i ty ,
intensi ty, and d is t r ibu t ion of ra infal l .
3 . CEPEC-CEPLAC w h i c h , a t p r e s e n t ,
conf ines its research in ag rometeoro logy to the
ecophys io logy o f the cacao t ree and to t h e
inf luence of meteoro log ica l e lements on the
occurrence of Phytophtora palmivora, w h i c h
causes cacao f ru i t rot.
At other centers the act iv i t ies in agro-
meteoro log ica l research are sti l l in the p lan -
n ing phase, concent ra t ing mos t l y p rov id ing
special ized t ra in ing fo r personnel and on ob -
t a i n i n g u p - t o - d a t e i n s t r u m e n t a t i o n f o r
meteoro log ica l observat ion bo th in the labora-
to ry and in the f ie ld .
O t h e r M e t e o r o l o g i c a l Research
I m p o r t a n t t o t h e N o r t h e a s t
The survey made by EMBRAPA also descr ibed
other meteoro log ica l research act iv i t ies be-
sides those specif ic to ag rometeoro logy .
Several ins t i tu t ions, t h o u g h s i tuated outs ide
the Northeast , are do ing research tha t is appl i -
cable in th is reg ion. S o m e o f t h e m are :
1. The Inst i tu to Nacional de Meteoro log ia
( INEMET) , the Nat ional Meteoro log ica l In-
st i tu te, w i t h headquar ters in Brasfl ia, Dis-
t r i t o F e d e r a l , i s s t u d y i n g a d v e r s e
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meteoro log ica l phenomena w h i c h inc lude
the occurrence of d rough t and f l ood . The
f i rs t phase of th is pro ject covers statist ical
and probabi l is t ic studies. Later there w i l l
be a synopt i c -dynamic s tudy to de te rm ine
the cond i t ions favorab le to the occurrence
of those phenomena.
2. The Inst i tuto Nacional de Pesquisas Es-
pacias (INPE), the Nat ional Inst i tute of
Space R e s e a r c h — l i n k e d to the Con-
selho Nacional de Desenvo lv imen to Cien-
t i f ico e Tecno log ico (CNPq), the Nat ional
Counci l for the Scient i f ical and Techno-
logical deve lopmen t — w i th headquar ters
in Sao Jose dos Campos , Sao Paulo, has
deve loped three p rog rams based on re-
cept ion of meteoro log ica l satel l i te signals.
T w o o f these cover subjects impor tan t to
the Northeast. The f i rst is related to the
systemat ic s tudy of t rop ica l a tmospher ic
dynamics , a imed at numer ica l wea ther
f o r e c a s t i n g ; l oca l a n d t h e i n t e r -
hemispher ic inf luences on Nor theast
weather are also being s tud ied . The sec-
ond is a s tudy of Brazil ian c l imato log ica l
character ist ics and natura l and m a n m a d e
changes in t h e m . Current ly , t he s tudy em-
phasizes the analysis of c l imat ic p rob lem
in the Northeast and the Amazon .
3. The Centro Tecnico Aeroespacia l (CTA),
the Technical Aerospace Center t h rough
the Inst i tuto de At iv idades Espacias (IAE),
the Space Act iv i t ies Inst i tute — also lo-
cated in Sao Jose dos Campos, Sao Pau lo ,
makes con t inuous studies on art i f ic ial
weather mod i f i ca t ion and on forecast ing
adverse meteoro log ica l phenomena . In
the f i rst case, the technical and economic
feas ib i l i ty of rainfal l changes in Nor theast
t h r o u g h c loud seeding are being s tud ied .
In t he second case, aerial pho tographs
sent by meteoro log ica l satel l i tes are be ing
ut i l ized to ident i fy t h e poss ib le correla-
t ions between t rop ica l s t ratospher ic osci l -
lat ions and the rainfal l r eg ime in the
Northeast .
4 . The CCT-UFPb, t h r o u g h the N M A , star ted
in 1976 to deve lop research d i rected to -
w a r d s Nor theast p rob lems . A m o n g its
meteoro log ica l research act iv i t ies — in
add i t ion to t hose speci f ical ly related to
ag rometeo ro logy — the f o l l o w i n g work
deserves special m e n t i o n :
a. S tudy on the dynamic -synop t i c status
of the a tmosphere in the Nor theast w i t h
a goal of recogniz ing the me teo ro log i -
cal sys tems tha t are act ing in t he reg ion
(case studies) to st imulate- or inh ib i t
ra infa l l .
b . W i n d zon ing of the Northeast w i t h the
a im of de l ineat ing areas w i t h w i n d
potent ia l f o r power genera t ion .
c. Potent ial solar energy zon ing in the
Nor theast f o r ut i l iz ing radiat ion f r o m
the sun as a power source t h r o u g h
approp r ia te e q u i p m e n t (col lectors,
cel ls, stoves, dist i l lers, dryers, etc.).
d. In add i t ion to its research the N M A has
also deve loped a postgraduate p rog -
ram in (i) ag rome teo ro logy of semi-ar id
zones, and (ii) dynamics of the t rop ica l
a tmosphere .
A c k n o w l e d g m e n t s
SUDENE-DRN: Dr. Si lv io Pericles, Director,
Drs. Marce lo Noguei ra Menezes, and Wi l l i am
Imper iano de Cristo.
NAM-CCT-UFPb: Drs. Jose Or ibe Rocha Aragao
and Mar io A d e l m o Varejao-Si lva.
EMBRAPA: Special Work Group fo r A g -
rometeoro log ica l Survey in Brazil.
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The observational setup of agricultural meteorology in India and the collection, 
compilation, and documentation of data have been outlined. Information regarding 
preparation of crop-weather diagrams, crop-weather calendars, agroclimatic atlas, and 
rainfall publications has been given. The various types of rainfall analysis, including one 
for short-duration rainfall for a few stations of the semi-arid tropics of India, have been 
dealt with. Analyses of weekly probabilities of rainfall for dry farming districts of India 
and details of the same for Maharashtra and Gujarat have been discussed and their utility 
for agricultural planning has been brought out. Climatic classification for estimating the 
agricultural potential of a region on the basis of a Moisture Availability Index and 
water-availability period has been included. Studies on soil moisture, aridity, and 
drought indices; wet and dry spells; evaporation and evapotranspiration; crop-weather 
relationships; and preparation and issue of crop-yield forecasts have been outlined. The 
services rendered by the India Meteorological Department to agriculturists have also 
been described. 
India's economy has fo r m a n y years been ag -
r icul tura l in nature. Despi te recent progress in
indust r ia l izat ion, the soundness of its economy
is s ign i f icant ly dependent on the gross produc-
t i on of agr icu l tura l commod i t i es . The latter, in
i ts t u r n , i s i n f l u e n c e d b y t h e v a g a r i e s o f
weather . I t is wel l k n o w n tha t y ie ld f r o m any
g iven crop/var iety depends on the ex tent to
w h i c h certain o p t i m u m cond i t ions o f rainfal l /
soi l mo is tu re supp ly , radiant energy, pho to -
per iod , and tempera tu res are sat isf ied du r ing
di f ferent stages of crop g r o w t h . Weather can
a lso ind i rec t l y af fect c rop p r o d u c t i o n w h e n
weather s i tuat ions (a) lead to the outbreaks of
pests and diseases of crops, (b) interfere w i t h
t i m e l y a g r i c u l t u r a l o p e r a t i o n s a n d p l a n t -
pro tec t ion measures, and (c) br ing abou t de-
ter io ra t ion in the qua l i ty of seed mater ia l held in
storage. Hence, meteoro log ica l cons idera t ion
becomes part of t he rea lm of agr icu l ture by its
o w n r ight.
Meteoro log ica l s tudies and services can help
br ing abou t bet ter ag ronom ic pract ices in t w o
broad ways . First, t ime ly wea ther forecasts o f
shor t and m e d i u m range, w o u l d enab le the
* Deputy Director Genera l and Meteoro log is t , re-
spect ive ly , India Me teo ro logy Depar tment , Pune,
India.
f a rme rs t o adop t ag r i cu l t u ra l pract ices tha t
m in im ize the adverse effects of weather and
max im ize its beneficial effects. Second, fu r ther
scient i f ic s tudy of the in ter re la t ionsh ip be tween
crops and the i r env i ronmen t w o u l d aid in the
d e v e l o p m e n t o f be t te r va r ie t i es and in t h e
proper cho ice of crops and f a r m i n g practices.
Meteoro log ica l s tudies can also help long- te rm
agr icu l tura l p lann ing , by ident i fy ing regions o f
s imi lar c l imate and de l ineat ing areas subject to
d i f ferent intensi t ies of weather vagar ies.
In t he f o l l o w i n g paragraphs we g ive a br ief
status repor t of Agr i cu l tu ra l Me teo ro l ogy in
India inc lud ing the var ious research act iv i t ies
a imed at be t te rment of agr icu l tura l p lann ing
and pract ices.
O r g a n i z a t i o n
N e t w o r k o f O b s e r v a t o r i e s
a n d C o l l e c t i o n o f D a t a
The India Meteoro log ica l Depar tment , s ince its
incep t ion in 1875, has he lped agr icu l tur is ts .
However , a D iv is ion of Agr i cu l tu ra l Me teo ro l -
ogy was star ted by the India Meteoro log ica l
Depar tment in 1932 to cater exc lus ively to t he
needs of agr icu l tur is ts and to conduc t research
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R. P. Sarker and B. C. Biswas*
Agricultural Meteorology in India: A Status Report
on p lant -weather re lat ionships. A ma jo r step
w a s t a k e n i n t h e e a r l y f o r t i e s t o set u p
special ized meteoro log ica l observator ies in a 
c rop e n v i r o n m e n t to inculcate wea ther con -
sciousness amongs t agr icu l tur is ts and to de-
ve lop f a r m env i ronmen t c l imato logy . This has
resul ted in a steady g r o w t h of observator ies,
w h i c h at present number about 125. Besides
agromet observator ies, synopt ic weather sta-
t ions also record data such as ra infa l l , t empera -
ture , rad ia t ion, low level w i n d , evapora t ion , etc.
These are equal ly useful in agr icu l ture.
The National Commission on Agr icul ture rec-
o m m e n d e d estab l ishment o f Pr incipal A g r o m e t
observator ies in each of t he Agr icu l tu ra l Un i -
versi t ies. The Indian Counci l of Agr icu l tu ra l Re-
search (ICAR) has recent ly sanct ioned 52 Pr in-
cipal A g r o m e t observator ies in 21 Agr icu l tu ra l
Un ivers i t ies and 31 Research Inst i tu tes and
Crop-Coord inat ing centers func t ion ing under
ICAR. An amb i t i ous network of a m i n i m u m of
t w o A g r o m e t observator ies in each distr ict , to -
ta l l ing about 600 observator ies all over India, is
be ing con templa ted and efforts are being m a d e
to at ta in th is goal in the near fu ture.
The n u m b e r of s tat ions record ing d i f ferent
observat ions and ins t ruments used are g iven in
Table 1.
D a t a P u n c h i n g a n d V e r i f i c a t i o n
The India Meteoro log ica l Depar tment has been
observ ing and s to r ing meteoro log ica l data w i t h
met icu lous care fo r m o r e than 100 years for the
p u r p o s e o f b u i l d i n g a g o o d da ta b ank o f
c l ima to log ica l i n f o r m a t i o n . W i t h th is end in
v iew, t he Depar tment started the systemat ic
t ransfer o f data f r o m manuscr ip t f o r m to punch
cards a round 1945, careful ly scrut in iz ing and
correct ing t he data before pu nchi ng. Transfer of
data to punch cards started fo r upper-ai r obser-
vat ions in 1945, fo r rainfal l in 1950, and fo r sur-
face meteoro log ica l observat ions in 1969. The
present ho ld ings of data inc lude m o r e than 37
mi l l ion punched cards, o f w h i c h the ag romet
data account fo r approx imate ly 6 m i l l i on , ra in-
fal l data fo r approx imate ly 8 m i l l i on , upper-ai r
data 5 m i l l i on , mar ine data 3 m i l l i on , and so on .
T h i s h o l d i n g i s f u r t h e r a c c u m u l a t i n g a t
approx imate ly 2.3 m i l l i on cards every year. This
e n o r m o u s and e v e r - i n c r e a s i n g v o l u m e o f
meteoro log ica l i n fo rmat ion is already posing
c o m p l e x p r o b l e m s of s to rage and quick re-
t r ieval . I t may be noted that w h i l e dai ly va lues of
all meteoro log ica l e lements are punched , both
dai ly and weekly values fo r agromet data are
avai lable on punched cards. In add i t ion , crop
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Table 1. Network of agrometeorological observatories in India.
Data recorded Observator ies Ins t rument used
a No. and t i m e o f observat ions
Rainfal l
(no.)
A b o u t 5000 Raingauge 0830 hr IST
Max tempera tu re
M i n tempera tu re
535 approx. T h e r m o m e t e r 0700 and 1400 hr L.M.T.
Dry bu lb tempera tu re
Wet bu lb tempera tu re
W i n d speed and d i rect ion 535 W i n d v a n e 0830 and 1730 hr IST
Soi l mo is tu re 17 Grav imet r ic m e t h o d Once in a week/ for tn ight .
Soi l t empera tu re 62 Soi l t he rmomete r 0830 and 1730 hr IST
Dew (5, 25, 50, 150 cm) 97 Dew Gauge Before sunr ise
Radiat ion 41 M.G. so lar imeter , etc. Con t inuous
Evaporat ion 198 Class-A pan 0830 hr IST
Evapotranspi ra t ion 35 Lys imeter 0830 and 1730 hr IST
Grass m i n . tempera tu re 6 Grass m i n . t h e r m o m e t e r 0700 hr L.M.T.
Sunsh ine 94 Sunsh ine recorder Daily to ta l
a. Self-recording observations by thermograph, hygrograph, and self-recording raingauge are also maintained in important
principal observatories.
elements are kept in registers.
A t one t ime , the data we re processed on the
tabula tor , sorter, and col lator. In 1964, the India
M e t e o r o l o g i c a l D e p a r t m e n t a c q u i r e d a 
second-generat ion compu te r sys tem, the IBM-
1620. W i t h its acquis i t ion, the use of compu te r
methods in data scrut iny and electronic data
processing had c o m e to stay. In 1973, the De-
p a r t m e n t p u r c h a s e d a n o t h e r c o m p u t e r , an
IBM-360/44, ma in ly fo r operat iona l wo rk and fo r
research, and instal led i t in New Delhi . In 1977,
the Depar tment took another leap f o rwa rd and
a c q u i r e d a n e w c o m p u t e r s y s t e m EC-1040
main ly for c l imato log ica l work . It is a m o d e r n
t h i r d - g e n e r a t i o n c o m p u t e r s y s t e m w i t h a 
m e m o r y of 256 k i lobytes (characters) and an
average p rocess ing speed o f a p p r o x i m a t e l y
400 000 operat ions per second. I t has been de-
cided to t ransfer all t he present data ho ld ings
f r o m the punched cards to magnet ic carr iers
w i th the use of th is compute r sys tem. I t has
been est imated that i t w i l l take approx imate ly 4 
to 5 years to put all t he data on to tapes, w h i c h
w o u l d then be n u m b e r i n g several hundreds.
The processed agrometeoro log ica l data are
used in a var iety of ways in add i t ion to research.
For example , these are used for prepar ing the
crop-weather d i ag ram, the crop-weather calen-
dar, and the agroc l imat ic atlas.
Crop-Weather Diagram
N o r m a l s o f me teo ro log i ca l pa ramete rs and
crop character ist ics are presented in these d ia-
grams. These year ly d iagrams g ive in fo rmat ion
on ma jo r crops g r o w n at d i f ferent stat ions dur-
ing the year. Crop per fo rmance and the weather
exper ienced dur ing the season are d isp layed
side by s ide, a long w i t h the i r normal /average
values. These are useful in compar ing g r o w t h
behavior o f the c rop w i t h t he effects of weather .
Crop-Weather Calendars
A g r i c u l t u r i s t s r equ i r e advance w a r n i n g s o f
hazardous weather fo r var ious agr icu l tura l op -
erat ions. To meet these requ i rements , c rop-
weather calendars are prepared fo r the impor -
tan t crops g r o w n in t he var ious distr icts o f India.
These calendars g ive , in an easi ly unders tand-
able f o r m , the weather condi t ions det r imenta l to
the var ious phases o f g r o w t h o f t he crops and
are based on i n fo rma t ion received f r o m agr icu l -
tu ra l author i t ies and the know ledge o f the nor-
mal weather cond i t ions . These calendars (ab-
out 500) serve as a gu ide fo r issue of wa rn i ngs
to fa rmers . Guides are also prepared f o r n e w
variet ies of the s tandard crops.
Agroc l imat ic At las
The Agroc l ima to log ica l At las of India has been
pr in ted. Agroc l imat i c parameters such as ra in-
fa l l , air tempera tu re , hum id i t y , grass m i n i m u m
tempera tures , soi l tempera tu re , soi l mo is tu re ,
s o l a r r a d i a t i o n , s u n s h i n e , e v a p o r a t i o n ,
t hunde r - s t o rm , ha i l s to rm hazards, and w i n d
p a t t e r n s c o l l e c t e d f r o m A g r o m e t a n d d e -
par tmenta l observator ies have been put in the i r
best representat ive f o rms in th is atlas. Th is is
expected to be of great help fo r p lant breeders
and o ther agr icu l tu ra l sc ient ists f o r va r i ous
types of agr icu l tura l p lann ing .
Ana lys is o f D a t a f o r
A g r o m e t e o r o l o g i c a l Purposes
Data collected and documented previously are
analyzed fo r nat ional deve lopmenta l purposes,
inc lud ing agr icul ture. Considerable wo rk has
been done in India in th is respect. In the f o l l ow -
ing paragraphs, we enumera te s o m e o f these
analyses. Of all the meteoro log ica l e lements ,
rainfal l is the mos t impor tan t , so we devo te
m o r e at tent ion to var ious rainfal l analyses.
R a i n f a l l
Today, there are m o r e than 5000 ra ingauge sta-
t ions spread over the coun t ry ; w i t h these ra in-
fal l measurements taken systemat ical ly under
s t a n d a r d e x p o s u r e c o n d i t i o n s . I n a d d i t i o n ,
there are near ly 3000 addi t ional ra ingauge sta-
t ions in t he count ry , ma in ta ined by the ra i lways,
i r r i g a t i o n , f o r e s t r y d e p a r t m e n t s , and o t h e r
agencies fo r the i r speci f ic needs. The re are
abou t 400 se l f - record ing ra ingauge s ta t ions
func t ion ing at r iver basins and other parts of the
country . Data col lected are regular ly pub l i shed
for use by invest igators.
Rainfall Publ icat ions
The IMD has b rough t ou t m a n y useful pub l ica-
t ions on rainfal l . Mon th l y and annua l no rma ls o f
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rainfall and of rainy days, based on data f r o m
abou t 2700 ra i ngauge s ta t ions o p e r a t i n g in
India d u r i n g 1901 to 1950 have been b rough t
out in the M e m o i r s o f the India Meteoro log ica l
Depar tment .
The Rainfal l At las of India, also based on the
1901-1950 data, was pub l i shed in 1971. This
conta ins var ious charts fo r ra infa l l , ra iny days
and the i r var iab i l i ty f o r m o n t h l y , seasonal , and
annual per iods. A detai led rainfal l atlas is be ing
prepared f o r pub l ica t ion .
Mon th l y and annual rainfal l and the n u m b e r
of rainy days occurr ing each year f r o m 1901 to
1950 fo r abou t 2700 ra ingauge stat ions have
been pr in ted in f i ve vo lumes .
Daily accumula ted no rma ls fo r about 400
stat ions have been pub l i shed .
Cl imato log ica l tab les of observator ies in India
(1930-1960) have been pub l ished. These con-
ta in ra infa l l , rainy days, tempera tu re , humid i t y ,
pressure, w i n d , and c loud in fo rmat ion .
Frequency d is t r ibu t ion of dai ly rainfal l f o r 342
selected stat ions in India, based on records fo r
the per iod 1901-1950, is under pr int .
Some Important Results of Rainfall
Analyses
On the basis of ra infal l data of the 60-year
per iod (1901-1960) for abou t 3000 rainfal l sta-
t ions i t was learned that mean annual rainfal l of
India (outs ide Pakistan and Bangladesh) is of
the order of 119 cm and the rainy season rainfal l
(i.e., Jun to Sep) accounts for about 7 5 % of th is
mean (Dhar et al . 1974).
On t he basis of t he examina t ion of a l a r g e v o l -
N o m o g r a m s have been prepared to help es-
t ima te 1-day rainfal l fo r ind iv idua l s tat ions in
t he meteo ro log ica l subd iv is ions o f no r the rn
India for t he low- re turn per iods of 2, 5, 10, and
25 years; th is is done f r o m the respect ive mean
annual rainfal l va lue of the stat ion concerned.
The re lat ionship ho lds g o o d for plains stat ions
(Dhar et al. 1971).
Ext reme annual 1-day rainfal l va lues of fou r
SAT stat ions — Anantapur , Hyderabad, Bellary,
and S h o l a p u r — have been compu ted w i t h the
1901 to 1960 data. Gumbe l ' s (1954) ex t reme-
va lue d is t r ibu t ion as mod i f ied by Chow (1953,
1964) has been used for the analysis. Table 2 
g ives the results f o r d i f ferent return per iods.
Based on sel f - recording rainfal l data, re turn-
per iod values of rainfal l fo r shor t dura t ions of 5,
15, 30, and 60 m inu tes have been compu ted
(Table 3) fo r t w o stat ions.
Rainfall Probabi l i ty Analys is
The d ry - fa rm ing tract o f India, whe re annual
rainfal l var ies f r o m 400 to 1000 m m , includes 87
distr icts in n ine states. This pract ical ly covers
the w h o l e semi-ar id area of India. In order to
Table 2. One-day rainfall magnitudes (cm) for different return periods.
Return per iod Highest 1-day
observed
rainfal l
Return per iod of
h ighest 1-day
observed rainfal lStat ion 2-year 5-year 10-year 25-year 50-year 100-year
Anan tapur 7.5 9.8 11.3 13.2 14.7 16.1 14.5 46
14°41'N, 77°37'E
Hyderabad 7.0 9.7 11.5 13.6 15.3 16.9 19.1 255
17°27'N, 78°28'E
Bel lary 7.0 9.6 11.4 13.6 15.2 16.9 16.2 72
15°09'N, 76°51'E
Sho lapur 8.0 10.7 12.7 15.0 16.8 18.5 19.1 121
17°40'N, 75°54'E
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ume of self-recording rainfall data, the average
time distribution of short-duration rainfall was
found to be as fol lows:
1 hour max . rainfal l is abou t 3 0 % of t he 1-day rainfal l
2 " 4 0 % " " 
3 " 5 0 % " " 
6 " 6 0 % " " 
12 " 7 5 % " " 
18 " 8 5 % " " 
d e t e r m i n e t h e c l imat ic potent ia l of th is area as i t
regards agr icu l ture, weekly rainfal l data have
been stat ist ical ly analyzed by us ing the incom-
plete g a m m a d is t r ibu t ion . The m i n i m u m as-
sured rainfal l has been establ ished at d i f ferent
probabi l i ty levels (Sarker et al. 1978). S o m e of
t h e i m p o r t a n t aspec ts r e s u l t i n g f r o m t h i s
analysis inc lude:
• The m i n i m u m assured rainfal l d is t r ibu t ion
at 50 and 7 0 % probab i l i t y levels have ena-
bled classi f icat ion of the ent i re d ry - fa rm ing
tract into seven broad homogeneous ra in-
fal l zones, and the dura t ion of c ropp ing
season in these zones has been indicated.
• The analysis has enabled thede l i nea t ion of
the d rough t -p rone area; ex tend ing f r o m
Madura i (14°41 'N ,77°37 'E ) toAhmednagar
( 1 9 ° 0 5 ' N , 74°55 'E ) v i a M a n d y a , C h i t -
radurga, Bel lary, and Bi japur. Th is area
shows up d is t inct ly in the 50 and the 7 0 %
rainfal l charts. It appears d i f f icu l t to raise a 
ra iny-season c rop in th is area, bu t the
prospect of a crop du r i ng the post ra iny
season is fa ir ly g o o d .
• The ma in rainfal l zone dur ing the per iod
preced ing the rainy season is in in the area
near Bangalore (12°58'N, 77°35'E) in Kar-
nataka dur ing the 22nd week (28 M a y - 2
Jun) . W i t h the progress o f the m o n s o o n ,
the ma in rainfal l belt shi f ts to the nor th to
t he area o f sou the rn Gu ja ra t ad j o i n i ng
parts of Madhya Pradesh and Maharasht ra
in the 30th week (23 -29 Jul) . Rainfal l activ-
i ty t h r o u g h o u t t he d r y - f a r m i n g t rac t i s
m a x i m u m in th is week. Af ter the 36th week
( 3 - 9 Sep), rainy-season act iv i ty increases
i n A n d h r a P r a d e s h a n d a d j o i n i n g
Maharashtra. W i t h the w i thd rawa l o f t he
rainy season, the zone shif ts to t he sou th .
• In mid-season, the rainfal l act iv i t ies are
lowest du r ing the weeks 32 to 34 ( 6 - 1 9
Aug) t h roughou t the d ry - fa rm ing tract. I t is
l ikely tha t t he rainy-season c rop in m a n y
reg ions w i l l suffer water stress du r ing th is
per iod.
Simi lar analysis fo r Maharasht ra (Biswas et al .
1977) and Gujarat (Biswas et al. 1978) has been
comp le ted , us ing a large number of rainfal l sta-
t ions. The impor tan t results are g iven be low.
M A H A R A S H T R A . Three d ist inct rainfal l pat terns
are o b s e r v e d i n M a h a r a s h t r a . I n s o u t h e r n
Maharasht ra , the h ighest rainfal l peak is f ound
i n t h e 3 8 t h w e e k ( 1 7 - 2 3 S e p ) . I n c e n t r a l
Maharashtra, t w o s imi lar peaks are not iced in
the 26th (26 J u n - 1 Jul) and the 38th weeks
( 1 7 - 2 3 Sep), w i t h an in terven ing lul l of 6 weeks.
In nor thern Maharash t ra , the f i r s t peak occurs in
the 28th week ( 9 - 1 5 Jul) and is very p rom inen t ;
the second peak (36th week, 3 - 9 Sep) is less
p rominen t . However , a lul l per iod of 1 to 2 
weeks can be expected a round the 33rd week
( 1 3 - 1 9 Aug) .
The d rough t -p rone area of Maharasht ra State
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Table 3. Rainfall intensities (mm/hour) for various durations and recurrence intervals at two
stations.
PUNE (18°32'N, 73°51'E)
Durat ion
(minutes)
Recurrence interval (years)
2 5 10 25 50 100
5 107 134 163 191 211 231
15 75 102 119 141 169 176
30 54 73 86 102 11.3 148
60 34 75 57 69 78 86
HYDERABAD (17°21'N, 78°28'E)
5 96 120 131 144 159 168
15 72 92 104 120 132 144
30 55 72 84 96 106 116
60 36 54 65 79 89 100
is ident i f ied as a zone compr i s ing the nor thern
pa r t o f S a n g l i , s o u t h e r n pa r t o f S h o l a p u r ,
sou thern par t o f Ahmednaga r , and ad jo in ing
areas of Pune and Satara distr icts.
G U J A R A T . Gujarat may be d iv ided in to fou r
parts, accord ing to its rainfal l pat tern. In the
east, the highest peak is observed du r i ng the
30th week (23 -29 Ju l ) . Ma in rainfal l is spread
f rom the 26th to the 36th week (25 J u n - 9 Sep),
w i th a lul l per iod around t he 32nd week (6 -12
Aug) . In th is area, a ra iny-season c rop of 14 to 16
weeks dura t ion may be raised once in 2 years.
The h ighest assured rainfal l peak in the second
and th i rd areas is in the 28th week (9 -15 Jul) .
Rains may be expected f r o m the 26th to 35th
week (25 J u n - 2 Sep) and the 26th to 33rd weeks
(25 J u n - 1 9 Aug) in the second and th i rd areas,
respect ive ly . In t h e f ou r t h area — the Kutch
area — annual rainfal l is less than 400 mm and
rainy-season act ivi t ies are exper ienced most ly
in the 27th to 31st weeks (30 J u l - 5 Aug). Rainfed
agr icu l ture norma l l y does not f lou r i sh in th is
area.
A large area of l o w assured rainfal l inc ludes
Ranpur, Chuda, Dhanduka, and Dho lera ; smal l
areas of l o w assured rainfal l may be observed
around Amre l i and Sanand , also.
I t i s c lear f r o m t h e a b o v e tha t w h i l e t he
analysis on an al l-India scale gives a gross pic-
tu re of agr icu l tura l potent ia l , detai led analysis
for smal le r areas, such as states w i t h a dense
n e t w o r k o f ra in fa l l s ta t ions is essent ia l f o r
specif ic crop potent ia l and agr icu l tura l man -
agement .
Moisture-Availability Index and Water
Availability Period
The quan tum of assured rainfal l by itself does
not i n d i c a t e t h e a m o u n t o f water a v a i l a b l e t o t h e
plant , because the same a m o u n t o f ra infal l can
act d i f f e ren t l y , d e p e n d i n g u p o n t h e a t m o s -
pheric d e m a n d of the site. The concept of mo is -
tu re ava i lab i l i t y i ndex (MAI ) , w h i c h m a y be
def ined as the rat io of assured rainfal l to po ten-
t ia l evapot ransp i ra t ion , can g ive a better idea of
avai labi l i ty of water to the plant. Hargreaves
(1974) used the M A I concept to classify t he
Braz i l ian nor theas t , us ing m o n t h l y assured
rainfal l at t he 7 5 % probabi l i ty level . As a m o n t h
is a long pe r iod , week ly ca lcu lat ion of M A I is to
be p re fe r red . Sarker e t a l . (1978) used t h e
week ly M A f to est imate the agr icu l tura l po ten-
t ial of s o m e selected stat ions of Rajasthan, and
a detai led s tudy has been fur ther ex tended over
Maharasht ra and Gujarat (Biswas et al. 1978). In
th is s tudy weekly rainfal l at the 50% probab i l i t y
level was examined and the per iods w i t h MAI
greater than 0.3 were considered sui tab le for
g r o w i n g a c rop. F rom these s tud ies, water -
avai labi l i ty per iods of d i f ferent categor ies may
be est imated on the basis of M A I , to de te rm ine
the m a x i m u m possib le crop l i fe cyc le fo r a g iven
rainfal l d is t r ibu t ion .
Such processed i n fo rma t ion , w h e n supe r im-
posed on soi l t ype , w i l l lead to the de l ineat ion of
a g r o c l i m a t i c z o n e s a n d s u b z o n e s . T h e s e
studies can also help to de l ineate regions and
p e r i o d s i n w h i c h s u p p l e m e n t a r y i r r i g a t i o n
shou ld be p rov ided on a pr ior i ty basis.
Table 4 presents MAI and water-avai lab i l i ty
per iods f o r f i ve typ ica l SAT stat ions a t the 5 0 %
probabi l i ty level.
At Sho lapur , a l though M A I is m o r e than 0.3
for 17 weeks, a crop of 17 weeks dura t ion cannot
be raised, as the 7 0 % water requ i rement by
crops is sat isf ied on ly for 3 weeks. At the same
t ime , a c rop of 15 weeks dura t ion may easily be
harvested at Hyderabad, because the c rop may
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Table 4. MAI and water-availability periods for five SAT stations at 50% probability level.
Lat i tude Long i tude
Weeks w i t h MAI of:
Accumu la ted assured
Stat ion 3≥ .30 ≥ .05 ≥ .07 ≥ .09 rainfal l (mm)
Sho lapur
Hyderabad
Je jur i
Uda ipur
Bhu j
17°40'N
17°27'N
18°17'N
24°35'N
23°15'N
75°54'E
78°28'E
74°10'E
73°42'E
69°48'E
17
15
9
13
2
7
13
2
10
0
3
8
2
7
0
2
5
0
6
0
330
406
176
314
48
get 7 0 % of its requi red wa te r fo r 8 weeks, 5 of
wh i ch p rov ided the fu l l requ i rement . I t may be
ment ioned that annual rainfal l a t these t w o sta-
t ions is a lmost the same. I t may be very d i f f icu l t
to raise a non i r r iga ted shor t -dura t ion c rop at
Je jur i once in 2 years. At Uda ipur , a c rop of
13 -week d u r a t i o n m a y b e p l a n n e d , a s
suggested by d i f ferent categor ies of MAI and
314 mm assured water . A ra infed crop at Bhuj
once in 2 years is speculat ive. Thus , the dura-
t ion of the water-avai lab i l i ty per iod is seen to
dif fer s igni f icant ly a m o n g the stat ions w i t h i n a 
c o m m o n cl imat ic zone and o f the same annua l
rainfal l .
Dry and Wet Spel ls
In the semi-ar id t ropics, mid-season risks to
crops of ten ar ise due to p r o l o n g e d ra in less
spells. W i t h th is in m i n d , f requency tables of
probabi l i ty of runs of dry and w e t spel ls have
been w o r k e d ou t . W o r k has been d o n e to
exam ine the runs o f d ry and w e t weeks in
Gu ja ra t and M a h a r a s h t r a ( K h a m b e t e e t a l .
1978). In Gujarat , the mean length of dry spell
var ies f r o m 2 to 3 weeks. A s imi lar s tudy has
been made on a dai ly basis fo r Maharasht ra and
Bihar (Chowdhury et al. 1978). The cond i t iona l
probabi l i ty has also been obta ined by emp loy -
ing the Markov Chain Mode l (Chowdhury et al.
1978; V i rman i et al. 1978).
Soi l Mo is tu re
In each of the broad c l imat iczones, a know ledge
of the patterns of so i l -mois ture accumula t ion
and d is t r ibu t ion f r o m rainfal l in var ious types of
rainfal l years is vi tal for des ign ing effect ive ag-
ronomic operat ions.
So i l -mo is tu re data of a f e w stat ions, w h e r e
rel iable data for longer per iods are avai lable,
have been analyzed and have revealed many
interest ing features of ag ronomic ut i l i ty (Bis-
was , 1978). The meager so i l -mois ture observa-
t ions avai lable are not suf f ic ient to def ine the
m o i s t u r e s ta tus o f t he coun t r y . I t becomes
necessary to evo lve di f ferent methods to est i -
ma te soi l mo i s tu re in va r i ous types o f so i l .
Weekly changes in soi l mo is tu re f r o m a c ropped
soi l c o l u m n have been c o m p u t e d f r o m week ly
rainfal l , potent ia l evapot ransp i ra t ion , and rat io
of actual to potent ia l evapot ransp i ra t ion , fo l -
l ow ing the m e t h o d suggested by Baier (1969).
The est imated soi l mo is tu re of three s ta t ions of
di f ferent c l imat ic and soi l zones have been vari-
f ied w i t h recorded so i l -mo is tu re data, and the
es t ima t i ons are w i t h i n reasonab le accuracy
(Biswas et aI . 1977).
Soi l mo is tu re in t he deeper layers has been
c o m p u t e d on the basis o f t he mo is tu re content
o f t he surface layers and compared w i t h the
actual observat ion . Regression equat ions con-
nect ing deeper depths and surface-layer soi l
mo is tu re have been f o rmu la ted fo r s o m e sta-
t ions (Biswas et al . 1977).
Ano the r me thod of es t imat ing the accret ion
of p roduc t i ve so i l -mois ture s torage f r o m dai ly
rainfal l and pan-evaporat ion data, after a l low-
ing for evaporat ion and runof f losses has been
repor ted by Venkataraman (1973).
W a t e r R e q u i r e m e n t s o f C r o p s
In i r r igated areas, the strategy is to max im ize
crop y ie lds by o p t i m u m use of i r r igat ion water .
In the d ry - fa rm ing tract , i t is essential to pract ice
the u tmos t economy of wa te r use. I t is there fore
necessary to obta in data on water requ i rements
of var ious crops du r ing the i r d i f ferent phases,
under d i f ferent meteoro log ica l cond i t ions in
di f ferent agroc l imat ic zones. Work has been
started in the India Meteoro log ica l Depar tment
to d e t e r m i n e expe r imen ta l l y , by t he use o f
lys imeters , t he da i ly evapot ransp i ra t ion loss
f r o m a ne twork of 35 stat ions cover ing major
so i l -c rop-c l imate regions. Evapot ransp i ra t ion
data so far col lected have been analyzed and
some results of ag ronomic s igni f icance have
been obta ined for f e w crops (Sa rke re ta l . 1976;
Venkataraman et al. 1976; Subba Rao et al.
1976). Detai ls of these results w i l l be presented
by Dr. Venkataraman at th is workshop .
Evaporat ion Dis t r ibut ion
Pan evaporat ion and PET g ive a measure of
d ry ing p o w e r of the air and are the mos t useful
m e t e o r o l o g i c a l pa rame te r s f o r d e t e r m i n i n g
water requ i rements of crops. Evaporat ion is re-
corded at about 200 stat ions, us ing s tandard
U.S. (Class A) evaporat ion pans, covered w i t h
w i remesh . The data have been comp i led and
pub l i shed by t h e IMD. M o n t h l y ana lys is o f
evapora t ion shows clearly the pockets of h igh
and l o w evapora t ion zones d u r i n g d i f fe rent
seasons (Rao et al . 1971). The highest pocket of
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e v a p o r a t i o n i n a l l t h e m o n t h s i s o v e r
Saurashtra.
Est imates o f po ten t i a l evapo t ransp i ra t i on
(PET) by Penman's m e t h o d have been c o m -
puted for about 300 stat ions (Rao et al. 1971)
and m o n t h l y maps have been pub l i shed .
Crop-Weather Relat ionships and Crop
Yield Forecast
Crop g r o w t h and c rop y ie ld are p r o f o u n d l y
inf luenced by the weather e lements. The India
Meteoro log ica l Depar tment has carr ied out a 
n u m b e r o f invest igat ions to def ine the re lat ion-
sh ip be tween crop character ist ics and d i f ferent
meteoro log ica l parameters , ut i l iz ing data col -
lected fo r whea t , j owa r (so rghum) , paddy ,
sugarcane, and co t ton . The ini t ia l analysis was
m a d e b y s i m p l e a n d p a r t i a l c o r r e l a t i o n
techn iques. S imi la r analyses have been made
at o ther ag r i cu l tu ra l ins t i tu t ions /un ivers i t ies .
Howeve r , t h e response o f c r o p t o w e a t h e r
changes is no t so s imp le as to be descr ibed by
l inear cor re la t ions ; hence, invest igat ions we re
made us ing curv i l inear analysis, wh i ch not on ly
shows w h i c h meteoro log ica l parameter i s i m -
por tant f o r a par t icu lar crop phase, but also
shows the o p t i m u m va lue o f the parameter .
This m e t h o d has been f o u n d very useful fo r
crop-y ie ld forecasts.
In 1924 Fisher d e v e l o p e d a t e c h n i q u e to
e v a l u a t e t h e e f f ec t o f d i s t r i b u t i o n o f a 
meteoro log ica l parameter on a c rop charac-
ter ist ic. This m e t h o d is qu i te useful and has
been extensively used by many workers (Gan-
gopadhyaya et a l . 1964; Sr in ivasan, 1973; Gi l -
daya l e t a l . 1975). Ana lys is by th is m e t h o d
s h o w s w h e n a pa r t i cu la r p a r a m e t e r — e.g.
rainfal l — is benef ic ia l t o t h e c rop and w h e n i t is
de t r imenta l . The m e t h o d , however , becomes
qui te compl ica ted w h e n the c o m b i n e d effects o f
addi t iona l parameters are to be examined . We
are at present examin ing t he comb ined effect of
t w o meteoro log ica l parameters us ing a m e t h o d
deve loped by T ippet (1926).
H a v i n g t h u s o b t a i n e d s o m e idea a b o u t
c r o p - w e a t h e r r e l a t i o n s h i p s , t h e I n d i a
Me teo ro log i ca l Depa r tmen t has v e n t u r e d to
deve lop crop-y ie ld forecast ing mode ls in t e rms
of meteoro log ica l parameters. The preharvest
forecast o f c rop y ie ld w i l l enable Gove rnmen t
agenc ies t o make po l i cy dec is ions on f o o d
impor ts /expor ts and on internal f ood d is t r ibu-
t ion . The techn ique involves ident i f icat ion o f
any s igni f icant corre lat ions between y ie ld and
weather parameters and, on the basis o f the
parameters so ident i f ied, a mul t ip le-regression
equa t ion is estab l ished f o r f o recas t i ng pur-
poses. Recent advances in the f ie ld of agr icu l -
tu ra l techno logy have resul ted in a steep rise in
the crop y ie ld . Technological t rends have thus
been in t roduced into the regression analysis,
a long w i t h the meteoro log ica l parameters. A g -
r icul tural scientists are consul ted du r ing de-
ve lopmen t o f t he forecast mode ls . A lmos t the
ent i re por t ion o f the count ry w h e r e paddy and
wheat are g r o w n has been covered by the for-
mu la t i on . S o m e mode l s have also been de-
ve loped , on a d is t r ic t -wise basis, fo r crops nor-
mal ly g r o w n in the d r y fa rm ing tract. A t present,
we are forecast ing, on an exper imenta l basis for
r ice and wheat .
W e a t h e r a n d C r o p Pests a n d D iseases
Pests and diseases are yet another cause of low
yie lds in India. The inc idence and spread of
pests and diseases are closely related to prevai l -
ing meteoro log ica l cond i t ions , such as temper-
ature, ra infa l l , and humid i t y . Realizing the im-
por tance of me teo ro logy in the deve lopmen t of
w a r n i n g sys tems for a ler t ing fa rmers to pest
and disease outbreaks, the India Meteoro log ica l
Depar tment has under taken a scheme on pest
and disease meteoro logy . Stud ies are in p ro -
gress on the relat ion o f w e a t h e r t o t h e inc idence
and spread of ergot of pearl mi l le t , late b l igh t of
pota to , the paddy s tem borer, and the leaf spot
disease of g roundnu t .
S e r v i c e t o A g r i c u l t u r i s t s
In add i t ion to render ing adv ice f r o m t i m e to
t i m e on d e m a n d , the India Meteoro log ica l De-
pa r tmen t began , in 1945, to of fer a regu lar
weather serv ice to farmers . Farmers ' Weather
Bul let ins (FWB) are issued by the depar tment ' s
forecast ing off ices. Bul let ins are broadcast dai ly
in 20 reg ional languages on 59 Al l - Ind ia Radio
stat ions. In fo rmat ion on t he weather expected
in the dist r ic t du r i ng the next 36 hours is re-
por ted , together w i t h the out look fo r the 2 days
f o l l o w i n g . Warn ings are issued fo r squal ls , hai l
s to rms, f rost , and l o w or h igh tempera tures . In
th is respect, t he forecaster is gu ided by c rop-
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weather calendars prepared by the Depar tmen
for d is t r ic t -wise pr inc ipal crops.
These bul le t ins are usefu l , but they are very
genera l in nature because they cover large
areas, and thus cannot inc lude specif ic adv ice to
f a r m e r s . T o m a k e t h e s e r v i c e m o r e user -
o r i e n t e d , t h e A g r o m e t e o r o l o g i c a l A d v i s o r y
Service Scheme has been started. The scheme
envisages f r a m in g and issue of specif ic ad-
v isor ies to cu l t ivators after a jo in t d iscussion
b e t w e e n m e t e o r o l o g i s t s a n d a g r i c u l t u r e
spec ia l i s ts . T h e d i s s e m i n a t i o n o f such ad -
visor ies w i l l be under taken t h rough the Farm
Radio Service and in aud iov isua l f o r m by tele-
cast, wherever possib le, once or tw ice a week.
Conc lus ion
The susta ined efforts of the India Meteoro log i -
cal Depar tment have been successful in mak ing
the agr icul tura l research worker and the agr icul-
tura l p lanner weather-consc ious. Agr icu l tura l
meteoro logy in India is n o w p o i s e d to meet new
and exci t ing chal lenges, requ i r ing closely coor-
d inated and col laborat ive work among diverse
a g r i c u l t u r a l i n te res ts in t he a p p l i c a t i o n o f
meteoro log ica l know ledge to crop p lann ing ,
land use, water management , and ag ronomic
practices — inc lud ing schedul ing of i r r igat ion
and plant-protect ion activit ies on a more scien-
t i f ic basis. We have geared up our present ac-
t iv i t ies and d rawn up plans to meet these new
and exci t ing chal lenges.
It is hoped that th is report w i l l s t imula te dis-
cuss ion and help ident i fy areas w h e r e agroc-
l imato log ica l research is needed most . It is con-
sidered essential tha t var ious research inst i-
tutes jo in together and under take co l laborat ive
projects, so that increased agr icu l tura l produc-
t ion becomes a real i ty in the SAT in the near
fu ture .
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Classification of Climate and the Potential
Usefulness of Pattern Analysis Techniques
in Agroclimatological Research
J. S. Russell*
Summary
Climate classification has been of historic importance in developing a broad understand-
ing of factors affecting soil and crop patterns in various environments. Many climate 
classifications have been published using various approaches. Most classifications have 
been macro in concept and have usually been applied on a continental or global basis. 
With the increased availability of numeric data and the development of computers and 
pattern analysis methods, new approaches in classification of climate are possible. In 
particular classification of micro-, as well as macro-, environments is possible. 
In this paper, following a broad view of past climatic classification, the application of 
pattern analysis methods to climatic data is discussed and advantages and disadvan-
tages of the approach noted. Emphasis is given to the use of similarity measures rather 
than to ordination techniques and the use of both Euclidean distance and Canberra 
metric coefficients in relation to climatic data is considered. Choice of climatic attributes 
used in an analysis is affected both by the purpose of the analysis and by the availability 
of data. 
Five main uses of pattern-analysis techniques in agroclimatological research are 
discussed. These are 1) classification of climate, 2) detection of homoclimates, 3) 
grouping of experimental areas and locations, 4) geographic extrapolation of experi-
mental results, and 5) domain definition. Pattern-analysis techniques are likely to be 
most useful in comparisons of specific areas for clearly defined purposes rather than in 
the development of continental or global classifications. 
A/though numerical methods used in pattern analysis are still evolving, the main 
challenge in agroclimatological research is at the climate-plant interface; much better 
definition is required at this level. 
Increasing use is be ing made of c l imat ic data in
agr icu l tura l research. In add i t ion to t rad i t ional
uses, such as in the def in i t ion of s ing le envi-
ronments and in c l imat ic c lassi f icat ion, there is
a greater awareness that m o r e precise mea-
surement of the c l imat ic env i ronmen t is a key
factor in the quant i f ica t ion of p lant behavior and
in unders tand ing var ia t ions in p lant g r o w t h in
d iverse env i ronments .
Agroc l imato log ica l research and deve lop-
men t have cons iderable potent ia l in the less
wel l -def ined subt rop ica l and t rop ica l env i ron-
ments of the w o r l d . Here, in add i t ion to the need
for increased agr icu l tura l p roduc t ion , there is
* CSIRO, Div is ion of Tropica l Crops and Pastures,
Cunn ingham Laboratory , Br isbane, Aust ra l ia .
scope fo r better def in i t ion of useful t rop ica l crop
and pasture plants, for t ransfer of i n fo rmat ion
between s imi la r homoc l imates , and for p lanned
plant in t roduct ion between env i ronments .
There is also a need, in agroc l imato log ica l
research general ly , fo r techn iques that w i l l
g roup exper imenta l areas and locat ions and
thus perhaps enable the ex t rapo la t ion of ex-
per imenta l results f r o m one area to another .
Classi f icat ion, or t he g roup ing of s imi lar en-
t i t ies, has an impor tan t con t r ibu t ion to make to
all of these needs. In part icular, pat tern analysis
is a techn ique that has va lue in classi f icat ion
and in mak ing use of the large a m o u n t of
c l imat ic data current ly be ing col lected, in add i -
t ion to the large amoun ts of histor ical data
avai lable in many parts of t he wo r l d .
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Class i f ica t ion o f C l i m a t e
The classi f icat ion of c l imate became fash ion-
able in the latter half of the nineteenth century.
Th is arose f r o m the increase in geograph ic
know ledge o f the w o r l d and the increasing
avai labi l i ty , on a g loba l scale, of c l imat ic data on
rainfal l and tempera ture . M u c h of th is emphas is
on c l imat ic c lassi f icat ion was in the search for
universal cr i ter ia that cou ld in tegrate avai lable
env i ronmenta l i n fo rmat ion and predict t he use-
fu lness of deve lop ing agr icu l tura l areas in
Nor th and South Amer ica , Af r ica , and Aus-
tralasia.
In the century s ince, a large number of clas-
si f icat ions of c l imate have been p roposed . Gen-
t i l l i (1958), for example , noted that 75 classif ica-
t ions or part ial c lassi f icat ions had been pro-
posed. In a later paper (Gent i l l i 1972), he g ives
detai ls and maps of 15 c l imate classi f icat ions of
the Aust ra l ian cont inent , all of t h e m macro in
concept and d iv is ive in approach. These clas-
si f icat ions can themselves be classif ied in rela-
t i on to the c l imat ic cr i ter ia used (Table 1).
A chronological l ist ing of some of the di f ferent
approaches to the classif icat ion of c l imate
that have been proposed are presented in Table
2 . The t w o g loba l c lassi f icat ions mos t w ide ly
ci ted are those of Koppen (1936) and
Thorn thwa i te (1948). Both are quant i ta t ive , and
the increased avai labi l i ty o f c l imat ic data w i t h
t i m e has made poss ib le the m o r e accurate
del ineat ion of the i r boundar ies. Both classif ica-
t ions make use of in tegrated c l imat ic e lements
and s ingle-value indices.
A m o r e recent c lassi f icat ion is tha t of
Papadakis (1966). This c lassi f icat ion is very
much or iented towards agr icu l tura l and crop
requ i rements , w i t h the l im i t i ng criteria chosen
to represent values of s igni f icance fo r c rop
plants. In th is c lassi f icat ion, account is taken of
c l imat ic character ist ics such as mean annual
m i n i m u m tempera tu re , f rost- f ree season, aver-
age dai ly m a x i m u m or m i n i m u m tempera tu re
for key m o n t h s and per iods of the year, water
balance, and the occurrence of dry and wet
seasons.
A l t h o u g h a large number of c l imat ic clas-
si f icat ions have been p roposed , no universal
system to compare , fo r example , w i t h the Lin-
nean p lant sys tem, has emerged . Part of the
di f f icu l ty in c lassi fy ing c l imate is that it f o rms a 
con t i nuum vary ing in t i m e and space. A lso , past
c l imate classi f icat ions have tended , t h rough
necessity, to be d iv is ive and based on perceived
mos t - impor tan t cr i ter ia compr is ing a f e w var i -
ables.
The purpose of th is paper is not to evaluate
pub l ished classi f icat ions; rather i t is to discuss
the potent ia l usefulness of pat tern analysis as a 
techn ique in g roup ing s imi lar c l imat ic envi-
ronments .
Table 1. Classification of criteria used in climatic classifications.
T i m e Frequency o r dura t ion Cl imat ic e lements Examples of cr i ter ia
Independent S ing le Tempera tu re
Rainfal l
W i n d d i rect ion
Comb ined Tempera tu re and rainfal l
Rat ios Temperature/ ra in fa l l
Rainfa l l /evaporat ion
Dependent Frequency or p robab i l i t y S ing le Annua l we t days
Percentage w e t days
Comb ined W e t days w i t h cer ta in w i n d pat te rn
Tempera tu re and hum id i t y
Rat io Frequency o f years w i t h R / t+10>0
Probabi l i ty o f years r < t + 7
Seasonal du ra t ion S ing le Frost-free season
Ratio Mon ths r/e . 75> .4
Source: Gentilli (1972).
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P a t t e r n Ana lys is
Pattern analysis methods have great ly affected
classif icat ion in var ious scient i f ic f ie lds. Their
value has been greatest in areas such as micro-
b io logy, w h e r e prev ious classi f icat ions based
on large numbers of cri teria were unstable and
unsat isfactory.
Most of the previous c l imat ic classif icat ions
have rel ied on a f ew key var iables and specif ic
d iv is ions made in wha t are f requent ly con t inu-
ous var iables — e . g . , Koppen (1936) used 5°,
10°, 18°, and 22°C as impor tan t cr i ter ia fo r
separat ing di f ferent c l imates on the basis of
tempera tu re . The deve lopment o f large c o m -
puters and numer ica l me thods a l lows many
m o r e var iables to be inc luded. Shor ter t i m e
per iods can now be considered — an approach
deve loped only in a rud imentary seasonal f o r m
in prev ious classif icat ions. This is par t icu lar ly
impor tan t in cons ider ing the g r o w t h of many
crops w h o s e l i fe span may be less than 100 days
and where knowledge of the c l imat ic env i ron-
men t may be l im i ted to shor t per iods.
A lmos t all prev ious classif icat ions have been
div is ive in sp l i t t ing f r o m above into g roups on
the basis of certain cri teria. Wh i le th is approach
is possib le w i th numer ica l methods , and p ro -
g rams are avai lable to do th is (e.g. POLYDIV,
Mi lne , 1976), numer ica l me thods also a l l ow an
agg lomera t i ve approach f r o m below.
Numer ica l me thods are object ive in the
sense that w i t h a g iven set of data and a g iven
procedure the resul t ing g roup ings are repro-
ducib le. A l t hough emphasis in mos t numer ica l
methods is laid on the lack of we igh t i ng of
d i f ferent at t r ibutes, expl ic i t we igh t i ng can be
used i f des i red. In add i t ion , mos t c o m m o n l y
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Table 2. Published climatic classifications and main criteria used.
Author(s) Year Ma in cr i ter ia used
Voeikov 1874 Seasonal inc idence of rainfal l
Herber tson 1905 Comb ina t i on of rainfal l and tempera tu re
DeMar tonne 1909 Comb ina t i on o f rainfal l and tempera tu re
DeMar tonne 1948 Index of ar id i ty
Hunt , Tay lor , Quay le * 1913 Seasonal rainfal l
Kdppen 1918 Annua l and m o n t h l y means o f tempera tu re and rainfal l
Koppen 1936
Thorn thwa i te 1931 Tempera tu re and hum id i t y us ing P/E
1948 Tempera tu re and potent ia l evapot ransp i ra t ion
Hettner 1934 Zonal w inds
Prescott, T rumb le , D a v i d s o n * 1934 Precip i tat ion/evaporat ion indices
Prescott, T r u m b l e , Dav idson* 1949 Precip i tat ion/evaporat ion indices
And rews and Maze* 1933 Intensi ty of ar id i ty
Cur6* 1945 Comb ina t i on o f tempera tu re and rainfal l
Creutzberg 1950 Durat ion o f h u m i d m o n t h s
Bagnouls and Gaussen 1953 Rainfa l l - temperature Index
1959 Rainfa l l - temperature Index
Walter , Le i th , and Rehder 1960 The rmohyd r i c cr i ter ia
Hendl 1963 Atmospher i c c i rcu lat ion
Meher -Homj i 1963 Rainfa l l - temperature Index
Trol l 1964 Durat ion o f hum id mon ths
Papadakis 1966 Water , heat th resho lds related to crop g r o w t h
Fitzpatrick and N i x * 1970 Growth index
McBoy le * 1971 Factor analysis, twen ty at t r ibutes
Russell and M o o r e * 1976 Sixteen c l imat ic at tr ibutes on annual and seasonal basis
* Classi f icat ions of Aust ra l ian c l imate only
used numer ica l procedures s h o w hierarchical
re lat ionships be tween groups , so d i f ferent
levels of agg lomera t ion can be examined .
Disadvantages of pattern analysis are related
to the extent to wh ich classi f icat ions are
method-dependent . Studies in other f ie lds
suggest that , w i t h appropr ia te me thods , clas-
si f icat ions can be mean ing fu l and stable (Moo re
and Russell 1967; M o o r e et al. 1972). C l imate
classif icat ions are also a t t r ibute-dependent ,
and the choice of at t r ibutes w i l l largely affect
the classi f icat ion obta ined. In s o m e s i tuat ions
in fo rmat ion is so scarce that all avai lable data
shou ld be used. This is t he approach tha t has
been appl ied in a recent paper by Russell and
W e b b (1977), where the on ly avai lable c l imat ic
data for a series of s tat ions was mon th l y rainfal l
and m a x i m u m and m i n i m u m tempera tures .
Daylength cou ld be de te rm ined f r o m the stat ion
locat ion, w h i c h mean t tha t 48 at t r ibutes w e r e
avai lable on an annual basis. However , the
classi f icat ion ob ta ined was mean ing fu l in rela-
t i on to other data on grass and l e g u m e species
g r o w n at these stat ions.
P a t t e r n Ana lys is M e t h o d s
The t w o ma in pat tern analysis approaches
that can be used in the s tudy of c l imate are
1) classi f icat ion us ing s imi lar i ty measures, and
2) o rd ina t ion us ing a var iety of analyses, inc lud-
ing pr inc ipal componen t analysis and pr inc ipal
coord ina te analysis. In th is paper reference w i l l
be made only to s imi lar i ty measures.
A very large n u m b e r of s imi lar i ty measures
have been proposed in the l i terature (Sneath
and Sokal 1973). On the basis of research on a 
number of coeff ic ients (Moo re and Russell
1967), t w o have been f ound to be useful in the
c l a s s i f i c a t i o n o f c l i m a t i c d a t a . T h e s e
coeff ic ients are Eucl idean distance and the
Canberra metr ic .1
where xij. is the jth variate for the ith unit, x'ij is the
corresponding standardized variate and m is the
number of attributes.
Eucl idean d is tance requires s tandard izat ion
to uni t var iance to e l im inate effects due to the
choice of uni ts used in measurement . Th is is
obta ined by the re lat ionship
w h e r e x' is the standardized at t r ibute va lue, x is
the overal l mean of the a t t r ibute in ques t ion
over all s tat ions, and SD is the s tandard devia-
t i on . This coeff ic ient has been used in a n u m b e r
of c l imat ic analyses (Russell and M o o r e 1970;
Russell and M o o r e 1976a, 1976b).
The Canberra met r ic has been f ound to have
part icu lar v a l u e w i t h c l imat ic data. The metr ic is
the rat io of t he abso lu te va lue of the d i f ference
between t w o at t r ibute va lues over the s u m o f
the at t r ibutes. For any t w o stat ions these ratios
are s u m m e d over all at t r ibutes. The Canberra
metr ic is constra ined be tween 0 and 1. Because
at t r ibutes occur in bo th the numera to r and
denomina to r , s tandard izat ion to e l iminate the
effects of uni ts is not necessary. The Canberra
metr ic also has been f ound to be less affected
than Eucl idean distance by out l ier values (Rus-
sell and Moore , 1970), and th is is an impor tan t
character ist ic in the classi f icat ion of c l imate.
Fo l low ing the use of compar isons be tween
stat ions us ing a s imi la r i t y coeff ic ient , a t r i angu-
lar s imi lar i ty mat r ix is obta ined w i th n (n -1 ) / 2
values whe re n is the number of ent i t ies (in
c l imate, these are usual ly stat ions) based on a 
certain number of at t r ibutes.
It is then necessary to sort th is t r iangu lar
matr ix and obta in a d e n d r o g r a m s h o w i n g a 
hierarchical re la t ionship be tween ent i t ies. Var i -
ous strategies — cent ro id , nearest-neighbor ,
fu r ther -ne ighbor , etc. — can be used to do this.
To some extent the me thods used are depen-
dent on the coeff ic ient used. Many of the sor t ing
methods used can be expressed in te rms of the
general l inear mode l (Lanceand Wi l l i ams 1967).
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w h e r e i and j are t w o g roups of ind iv idua ls to be
fused into a new compos i te g r o u p (k); a fur ther
outs ide g roup , h, is not invo lved in th is fus ion .
T h e d va lues are d is tances be tween the var ious
groups.
For the classification ot cl imatic data, the f lex-
ible strategy has been found to be satisfactory.
Values of the parameters for the flexible strategy
are It is completely defined
by the cluster-intensity coefficient. For most
data, a value of appears satisfactory.
C h o i c e o f A t t r i b u t e s
The choice of at t r ibutes wh i ch shou ld be used to
descr ibe c l imate inev i tab ly arises in any
cl imat ic-pat tern ana lys is . W h e r e a genera l de-
scr ip t ion of c l imate is sought , it is p robab ly
desi rable to use as many at t r ibutes as possib le.
The data avai lable obv ious ly in f luence the at t r i -
bu tesused . Geographica l ly , t h e w i d e r a n d more
extensive t he study, t he less the chance tha t a 
large number o f equ iva lent measurements w i l l
be avai lable for all stat ions.
The basic at t r ibutes used in mos t of t he
pub l ished examples of pat tern analysis have
been mon th l y means, such as rainfal l and
tempera tu re (e.g. Kyuma 1972), or mon th l y
ext remes, such as m a x i m u m and m i n i m u m
tempera tu re . A t t r ibu tes tha t were used in a 
study of compara t i ve c l imates of that par t of
Africa in the southern hemisphere, and of Aus-
tral ia, New Guinea, and New Zealand (Russell
and Moo re , 1976a) are presented in Table 3.
Most of the at t r ibutes are measured values,
w h i c h are the usual means of s tandard
T a b l e 3 . M e a n m o n t h l y a t t r i b u t e s ( m e a s u r e d
over n years ) used in t h e c l i m a t i c
c lass i f i ca t ion o f A u s t r a l a s i a and
s o u t h e r n A f r i c a . (Russel l a n d M o o r e
1 9 7 6 a ) .
Character ist ic A t t r i bu te
Tempera tu re Daily m a x i m u m tempera tu re
Daily m i n i m u m tempera tu re
Dai ly mean tempera tu re
Lowest tempera tu re
Abso lu te degrees of f ros t
Dai ly tempera tu re range
Rainfal l and humid i t y Rainfal l
M a x i m u m rainfal l in 24 hr
N u m b e r o f w e t days
Relat ive hum id i t y at 0900 hr
Relat ive hum id i t y at 1500 hr
Evaporat ion Free wa te r evapora t ion
Daylength Day length
Der ived rat ios Rainfal l /evaporat ion ° . 7
Rainfal l /wet day
Integrated over t i m e Soi l -water s torage
meteoro log ica l measu remen ts taken over
specif ic intervals. S o m e of the at t r ibutes were
der ived f r o m measured data — e.g., degrees of
f rost , rainfal l /wet day. Mon th l y day length cou ld
be calculated for each stat ion on the basis of its
lat i tude.
In us ing event at t r ibutes, such as lowest
absolu te tempera tu re , length of record as-
sumes impor tance. The length of records of
stat ions be ing compared can vary markedly .
This effect is l ikely to be mos t impor tan t in
stat ions w i th shor t records.
The balance of at t r ibutes, e.g., rainfal l vs
tempera tu re , is clearly impor tan t in the g roup -
ings ob ta ined. Litt le i n fo rma t ion is avai lable on
the effect of d i f ferent suites of at t r ibutes. Rus-
sell and M o o r e (1976b) examined t w o separate
classif icat ions achieved by us ing avai lable data
in nor thern Austra l ia compr i s i ng :
1. Broad spec t rum of c l imat ic at t r ibutes, inc lud-
ing rainfal l and tempera tu re , w i t h both
means and event m e a s u r e m e n t s (59
s ta t ionsx 192 attr ibutes).
2. Rainfall measurements on ly , f i rst , t h i r d , f i f th ,
seventh, and n in th deci les of mon th l y rainfal l
(254 s ta t ionsx 60 attr ibutes).
A l t hough there we re broad s imi lar i t ies bet-
ween the g roup ings , di f ferences obta ined we re
also apparent in par t icu lar local i t ies. One ad-
vantage of the greater number of s tat ions is that
i t shows a m o r e comp lex pat tern w h i c h , in
coastal and moun ta i nous regions, is m u c h
closer to reality.
I t is l ikely that , f o r genera l -purpose classif ica-
t ions there w i l l be an evo lu t ionary change in
at t r ibutes w i th t ime . For such classi f icat ions i t
can be argued tha t all avai lable relevant data
shou ld be used. For specif ic c lassi f icat ions — 
e.g., t he g r o w t h of a certain p l a n t — a m o r e
restr icted set of at t r ibutes may be requ i red.
Uses o f P a t t e r n Ana lys is
T e c h n i q u e s
Class i f ica t ion o f C l i m a t e
Wi l l i ams (1976) has po in ted out tha t there are a 
number of aspects to classi f icat ion. Possibly the
mos t impor tan t of these is purpose, and the
ma in purpose of mos t classi f icat ions is predic-
t ion . From an agr icu l tura l po in t of v i ew , a 
genera l -purpose c l imat ic c lassi f icat ion shou ld
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be able to predict tha t certain plants w i l l g r o w
and tha t o thers w i l l not. But specia l -purpose
classi f icat ions m a y be requi red for m o r e precise
in fo rmat ion .
Broad-scale classi f icat ions may be te rmed
"gene ra l -pu rpose " and such classi f icat ions
may be pu t to a var iety of uses. Many of the
classical classif icat ions are of th is type. How-
ever th is general i ty is not essent ial , and for
s o m e purposes a specif ic c lassi f icat ion may be
adequate. Pattern analysis can be readi ly used
for broad-scale classi f icat ions — e.g., the com-
p a r i s o n o f A u s t r a l a s i a a n d s o u t h e r n -
hemisphere Afr ica (Russell and M o o r e , 1976a).
The overal l pat tern of c l imate g roup ings ob-
ta ined in th is c lassi f icat ion was mean ing fu l in
re lat ion to other i n fo rma t ion about vegeta t ion
and agr icu l ture.
Pattern-analysis techn iques can also be used
to classify microc l imates. Trad i t iona l c l imat ic-
classi f icat ion me thods are of m u c h less va lue in
these s i tuat ions, yet , p rov ided data is avai lable,
there is no reason w h y stable and useful m ic ro-
c l imat ic g roup ings cannot be ob ta ined.
D e t e c t i o n o f H o m o c l i m a t e s
The de te rm ina t ion of areas of s imi lar c l imate is
of part icular interest in p lant geography and
plant in t roduc t ion . Compar isons of c l imates in
d i f ferent parts of t he w o r l d have been carr ied
ou t by var ious authors (e.g. Prescott 1938;
Hart ley 1960). General ly the te rm " h o m o -
c l ima te " refers to t w o or more stat ions w i th a 
s imi lar c l imate , whereas the t e r m " h o m o c l i m e "
refers to areas or regions tha t possess s imi lar
c l imates.
Studies of homoc l imes have been carr ied ou t
w i th reference to par t icu lar economic crops,
e.g.,guayule (Parthenium argentatum; Prescott
1943), Pinus radiata (Prescott and Lane-Poole
1947), and the g rape v ine (Vitis vinifera; Pre-
scott. 1965). Most of these studies invo lved
compar i son of var ious c l imat ic at t r ibutes that
we re considered to be cr i t ical , such as a mo un t
or d is t r ibu t ion of rainfal l or tempera tu re or
s imp le rat ios such as p rec ip i ta t ion : evapora-
t i on . However , no a t tempt was made to express
such s imi lar i t ies in a numer ica l f o r m or to
assess overal l c l imate.
The deve lopmen t o f compute rs and numer i -
cal me thods enables greater quant i t ies of data
to be examined and a greater number of alterna-
t i ve hypotheses to be tested in the search for
homoc l imes . These deve lopmen ts also a l low
an agg lomera t i ve mul t i var ia te approach, as
compared to t he s ing le-at t r ibute or s imp le
rat io-d iv is ive approach used in the past.
The basic rat ionale behind the use of h o m o -
cl imates in p lant studies is that we are us ing
cl imat ic prof i les of places (wh ich are wel l
def ined numer ica l ly) on the earth 's surface as a 
sur rogate fo r c l imat ic prof i les of p lants (wh ich
are not we l l def ined). A c l imat ic prof i le of a 
place consists of the values fo r a sui te of
c l imat ic var iables w h i c h reflect the c l imat ic
needs of the plant. The def in i t ion of c l imat ic
prof i les of p lants requi res a m u c h more detai led
study over many env i ronments and over a long
per iod , and is in f luenced by d i f ferent ia l to ler-
ance of cul t ivars fo r c l imat ic character ist ics (e.g.
f rost to lerance, d rough t to lerance). The number
o f p lants for wh i ch we possess th is i n fo rmat ion
is qu i te smal l . S o m e a t tempt has been made to
produce i t f o r p lantat ion crops, such as tea (Carr
1972). M u c h agroc l imato log ica l i n fo rmat ion
has been col lected about s o m e of t h e t e m p e r a t e
cereals (e.g., Nu t tonson 1957a, 1959b), but
there is a lack of i n fo rmat ion about many of the
t rop ica l f ie ld crops.
Since so l i t t le quant i ta t ive i n fo rmat ion on
cl imatic needs of cult ivars and species of inter-
est to us is avai lable, i t is necessary to make
better use of the avai lable c l imat ic data.
Thus — g iven an area w h e r e a part icular cul -
t ivar g r o w s wel l and w h i c h has a part icular
c l imat ic prof i le — are there other areas in other
parts of t he w o r l d wh i ch have a s imi la r c l imat ic
profi le? This is k n o w n as ana lagous t ransfer of
data (Nix 1968) and , theoret ica l ly , no know-
ledge of the p lant invo lved is necessary at all.
One advantage of th is approach is that a large
amoun t of g lobal c l imat ic data is avai lable.
Werns ted t (1973), fo r example , has summar ized
mon th l y data on rainfal l and tempera tu re for
19 000 g loba l stat ions. M o r e detai led in fo rma-
t ion on 11 mon th l y c l imat ic at t r ibutes is avai l -
able for 1740 global stat ions (Anonymous 1958).
Wh i le inadequacies in data (qual i ty , length of
record , locat ion , lack of deta i l , etc.) immed ia te l y
become obv ious w h e n a s tudy of a part icular
area begins, there is nevertheless an impress ive
a m o u n t of conso l idated c l imat ic data readi ly
avai lable, especial ly w h e n compared w i t h the
lack of s imi la r i n fo rmat ion on plants and soi ls.
There are several examples of the use of
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pattern analysis in the search fo r homoc l imates .
T w o broad strategies are poss ib le : a) g iven a 
region w i t h a part icular p lant def ic iency, wha t
other areas in the w o r l d are s imi lar and m igh t
be exp lored for sui table plants?, and b) g iven an
area w h e r e a part icular c rop plant g r o w s w e l l ,
are there other areas that cou ld g r o w th is crop?
An example of the f irst strategy is in the search
for sui table pasture legumes fo r the b r iga low
region of Eastern Austra l ia (Coaldrake, 1970).
Br iga low is a t ree. Acacia harpophylla, that
g r o w s on clay soi ls in the semi-ar id regions
between lat i tude 28° and 18°S. After the forest
vegeta t ion is r emoved , crops and pastures
g r o w we l l for a t ime , but the soi l organic mat ter
becomes deple ted as cu l t ivat ion intensi ty in-
creases. There is a need in th is reg ion fo r the
deve lopmen t of c rop-pasture sys tems tha t can
main ta in soi l fer t i l i ty , but there is a lack of
s e l f - r e g e n e r a t i n g a n n u a l o r p e r e n n i a l
s u m m e r - g r o w i n g pasture legumes that can be
used in such pasture systems.
To ob ta in i n f o r m a t i o n on su i tab le h o m o -
c l imates, Russell and M o o r e (1970) compared
cl imat ic data f r o m 9 stat ions f r o m the b r iga low
region w i t h 139 selected g loba l stat ions. In th is
analysis, Eucl idean distance and Canberra met-
ric w i t h f lex ib le sor t ing we re used and there
were 132 cl imat ic at t r ibutes per s tat ion. Both
s u m m e r (Oct to Mar) and w in te r (Apr to Sep)
homoc l ima tes we re def ined. As a result of the
analysis, areas w i t h s imi lar c l imate in sou thern
Afr ica (part icular ly M o z a m b i q u e a n d Botswana)
and in Argent ina we re ident i f ied. A recent
plant-col lect ing exped i t ion to South Amer ica
inc luded these areas of A rgen t ina in the search
for sui table legumes.
Examples of the second strategy are avai lable
f r o m studies in Austra l ia, wh i ch we re under-
taken to broaden the range of gra in legumes
g r o w n . Grain legumes play a very m ino r role in
Aust ra l ian agr icu l ture ; less than 1.4% of the
cul t ivated area is s o w n to t h e m (Farr ington
1974; Lawn and Russell 1978; W o o d and Rus-
sell 1978). Grain legumes are seen as usefu l ,
bo th fo r the i r va lue as gra in crops and as
components of cropping systems wi th the abil i-
ty to b io logical ly f ix n i t rogen.
Cl imat ic studies we re under taken to select
areas in Austra l ia s imi lar to areas in Hokkaido,
Japan , w h e r e the adzuki bean (Vigna angularis)
is cu l t ivated and to areas in India (Jain 1972)
w h e r e black and green g r a m (V. mungo and V.
radiata) w i l l g r o w (Russell 1976).
In the case of adzuki bean, pat tern analysis
compar ing 5 stat ions in Hokkaido w i t h 45 Au-
stral ian stat ions over the 5-month per iod
M a y - S e p t e m b e r (Japan) and N o v e m b e r -
March (Austral ia) was carr ied out . In the case of
black and green g ram, 45 Indian stat ions we re
compared w i t h 55 Aust ra l ian stat ions over the
4-month per iod J u n e - S e p t e m b e r (India) and
D ece mbe r -Ma rch (Austral ia).
Sixteen mon th l y measured and der ived attr i -
butes were used (Russell and Moore 1976a;
A n o n y m o u s 1958). The Canberra metr ic and
f lex ib le sor t ing (Lance and Wi l l i ams 1967) w i t h
β = - 0 . 2 5 was used. The results of the analyses
can be summar ized by dend rog rams ind icat ing
the s imi lar i ty of t he stat ions (Fig. 1, 2).
Al l f i ve Hokkaido stat ions we re associated in
one g roup ing (Fig. 1). The most s imi lar
Austra l ian stat ions were a g roup of nine h igh-
lati tude or high-al t i tude stations. When g r o w n
in Queens land, adzuki bean accessions of
Japanese or ig in have been f ound to be sensi-
t ive to h igh soi l - and a i r - temperatures, and
homoc l ima tes fo r these plants w o u l d appear to
be in cooler areas or in the cooler parts of the
g r o w i n g season.
There was a clear separat ion be tween the
Indian and Aust ra l ian c l imat ic stat ions fo r the
summer per iod s tud ied , w i t h s o m e except ions
(Fig. 2). Kather ine g rouped w i t h the Indian sta-
t ions Hyderabad, Bellary, and Sholapur at a l o w
level. At a h igher level 8 Aust ra l ian stat ions — 
inc lud ing Darwin and Queensland t rop ica l -
coast locat ions f r o m Thursday Island to
Mackay — g rouped w i t h 19 Indian stat ions
(most ly coastal). Bangalore, a modera te al-
t i tude s tat ion, g rouped at a l ow level w i t h
Herber ton.
Wi th these except ions, the analysis was not
part icular ly useful f r o m the po in t o f v i e w of
pred ic t ing homoc l ima tes fo r black and green
g ram. However th is may have been part ly due
to the lack of def in i t ion of t ype local i t ies fo r
black and green g ram. Restr ict ing compar isons
to a f e w wel l -def ined type local i t ies and a large
number of other stat ions may be the most
useful approach.
G r o u p i n g o f E x p e r i m e n t a l A r e a s a n d
Loca t ions
Frequent ly , i n fo rmat ion on the same plant is
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Figure 1. Dendrogram showing relationship between summer climate recorded at Hokkaido, 
Japan, and at Australian stations. 
avai lable fo r a n u m b e r of d i f ferent stat ions.
Pattern analysis can be used to c l imat ica l ly
g roup the stat ions w i t h s imi lar env i ronments .
There are a large n u m b e r of research stat ions in
Austra l ia , wo rk ing w i t h whea t ex tend ing over a 
d istance of 3000 k i lometers and a lat i tudinal
range of 18°. Us ing c l imat ic data related to the
phasic deve lopment o f the whea t var iety Gabo,
Nix (1975) was able to d i v i d e t h e whea t -g row ing
areas in to agroc l imat ic zones. He was also able
to show that wheat -var ie ty r ecommenda t i ons
that had become establ ished t h r o u g h m a n y
years of t r ia l -and-error exper imenta t ion cor-
responded to these zones def ined by pat tern
analysis. He was also ab le to suggest changes in
p lant -breed ing strategies based on the analysis.
G e o g r a p h i c E x t r a p o l a t i o n
of E x p e r i m e n t a l Resul ts
One of the l imi ta t ions of agr icu l tura l ex-
per imenta t ion is tha t it is under taken at specif ic
locat ions. A l t hough at tempts are made to carry
out research at other locat ions, i t is never
possib le to increase the sites to the range of
env i ronments tha t shou ld be covered.
One approach is to de te rm ine the s imi lar i ty of
other stat ions to the exper iment stat ion. This
approach is current ly being used in CSIRO's
Divis ion of Trop ica l Crops and Pastures. This
Div is ion has w ide ly separated research stat ions
located w i th in 15° and 27° of lat i tude. The
appl icat ion of results f r o m these stat ions is
greatest in areas w i t h s imi lar c l imate. Hence
isocl imes of areas of s imi lar c l imate are be ing
de te rm ined both in Austra l ia and overseas,
a l l ow ing m o r e precise t ransfer o f i n fo rmat ion .
Such an approach could also be a w o r t h w h i l e
exercise fo r the internat ional agr icu l tura l re-
search inst i tutes.
D o m a i n D e f i n i t i o n
The use of pat tern analysis in doma in -de f in i t i on
has been discussed by Aust in (1971). This ap-
proach has been used in ecological studies, bu t
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Dendrogram showing relationship between summer climate recorded at Indian and at 
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i t has a potent ia l va lue in agr icu l ture. Doma in
def in i t ion refers to the select ion of areas of
reasonably homogeneous c l imate. W i th in such
areas, m o r e ref ined analyses (such as regres-
s ion analyses) can then be app l ied. Th is ap-
proach has poss ib le appl icat ion in the analysis
o f w ide ly d is t r ibu ted c o m m o n f ie ld exper i -
ments .
Conc lus ions
Pattern analysis is an approach w i th consider-
able potent ial in agricultural exper imentat ion, in
the classi f icat ion of c l imate, and in de f in ing
c l imate-p lant re lat ionships m o r e precisely.
There are a number of I im i ta t ions to t h e w ide r
use of the approach. Firstly, access to compu t -
ing faci l i t ies of reasonable speed and capacity is
essential . Th is is less of a p r o b l e m than it used
to be, bu t as the n u m b e r o f s tat ions and n u m b e r
of at t r ibutes in s o m e analyses increase, the
compu t i ng requ i rements can quick ly saturate
even the largest and fastest compute rs . W i l -
l iams (1976) has g iven s o m e in fo rmat ion on the
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Figure 2. 
re lat ionship between numbers of stat ions, at-
t r i b u t e s a n d n u m e r i c a l m e t h o d , a n d
compu t i ng - t ime requi rements . For certain s im i -
larity analyses, compu t i ng requ i rements in-
crease as n2 where n is the n u m b e r of s tat ions
being compared . Once n exceeds 300, the t ime
requ i rement (and cost) escalates rapidly. Sec-
ond ly , t he choice of at t r ibutes used in the
analysis requires fur ther research. In many
cases, of course, the data avai lable is so l im i ted
that all of i t has to be used. Nevertheless
s i tuat ions do arise w h e r e a large n u m b e r of
at t r ibutes are avai lable and s o m e select ion is
desirable. At the m o m e n t this is not carr ied out
on a systemat ic basis. Thi rd ly , a mos t impor tan t
l im i ta t ion to the appl icat ion of pat tern analysis
in many c l imat ic studies is the lack of conso l i -
dated data in areas whe re compar isons are
needed. There is no shor t - te rm so lu t ion to th is
p rob lem, but there has been a gradual increase
in the a mou n t and qual i ty of c l imat ic data
avai lable. Further enhancement of the amoun t ,
d is t r ibu t ion , and qual i ty of data shou ld be an
internat ional object ive.
The numer ica l methods used in pat tern
analysis are still evo lv ing . Dur ing the past 15
years there has been a large increase in the
number of papers pub l ished in th is area, and
compute r packages are readi ly avai lable. The
main chal lenge to research is at the c l imate-
plant interface, and m u c h better def in i t ion is
required at th is level.
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The Development of Agrometeorology
in Upper Volta: A Brief Note
Frederic Niama Ouattara*
Summary
Upper Volta has a network of 300 rainfall, 16 climatic-observation, 9 agrometeorological, 
and 7 synoptic stations. The agrometeorological service was created in 1976 and is being 
strengthened. In this paper an organizational chart of the meteorological services in 
Upper Volta, position of the Intertropical Front in West Africa at different times of the 
year, and maps showing isolines of the mean and dependable amounts of rainfall at 25 
and 75% probability levels for annual precipitation and the month of August precipi ta-
tion are included. Future lines of work for improving the agrometeorological service are 
indicated.
U p p e r V o l t a
Located in the heart of West Af r ica, w i t h a sur-
face area of 274 000 km 2 , Upper Vol ta extends
f r o m 10° to 15°N lat i tude and f r o m 05°W to 02°E
long i tude.
The c l imate of Upper Vol ta is cont ro l led by
the p redominance of t w o a i r f l o w s : (1) a no r th -
east to east f l o w of d ry air o r ig ina t ing f r o m high
Sahar ian pressures, hot dur ing t he day and cool
at n ight due to the considerable g round radia-
t i on , or (2) a southwest to south f l o w of h u m i d
air ( the West A f r i can m o n s o o n ) o r i g i na t i ng
f r o m h igh austral ocean pressures in w h i c h the
rainy-season clouds and t rop ica l d is turbances
f o r m .
The separat ion zone between these t w o f l ows
f luctuates between the southern side (around
January) and the 25th paral lel ( towards August )
in such a way that the passage f r o m o n e f l o w t o
the other f i rst occurs be tween Apr i l 15 and May
15, depend ing on the region (change f r o m a dry
cont inenta l air f l o w to a h u m i d air f low) and
changes again be tween the f i r s t and 30th of
October ( f rom a h u m i d air f l o w to the dry cont i -
nental air f low) .
The part o f the coun t ry located to t he south of
the 14th paral lel is al l ied w i t h the Sudanic cl i -
mate zone, whereas the ex t reme nor th — w i t h
its intense evaporat ion , l o w humid i t y , m a j o r
d iurna l d i f ferences in tempera tu re (15° to 20°C)
* Engineer, Meteoro log ica l Service, Upper Vol ta.
and its rains — exhib i ts character ist ics close to
those of the Saharan c l imate zone (Fig. 1).
Figure 1. Position of the ITF in West Africa. 
The pr inc ipal soi l types are:
• Subar id , t rop ica l , cambiques soi ls
• Ferruginous, t rop ica l soi ls (Luvisols and
Acrisols)
• Ferrall i t ic soi ls (Ni tosols and Ferralsols)
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Vert isols and eut roph ic b r o w n soi ls are some-
t imes f o u n d .
U p p e r V o f t a ' s M e t e o r o l o g i c a l
Serv ice
The meteoro log ica l s t ructure that has existed in
Francophone West Af r ica since 1960 was estab-
l ished fo r the correct opera t ion of civi l av ia t ion
in these countr ies, but not in tended to be used
for agr icu l ture. In Upper Vol ta , th is has resul ted
in the creat ion of a subst ruc ture fo r agr icu l tura l
meteoro logy , w i t h i n a nat ional meteoro log ica l
service. The nat ional meteoro log ica l service,
(Fig. 2) has accorded an impor tan t place to ag-
rometeo ro logy s ince 1976.
The meteoro log ica l sys tem (Fig. 3) inc ludes:
• 300 rainfal l posts,
• 16 c l imat ic stat ions,
• 9 agrometeoro log ica l stat ions,
• 7 synopt ic stat ions.
The rainfal l readings are t ransmi t ted every
day by the admin is t ra t ive c o m m a n d network
(Reseau Admin is t ra t i f de C o m m a n d e m e n t , or
RAC). The c l imat ic and agrometeoro log ica l sta-
t ions t ransmi t the i r observat ions by ma i l .
A t present on ly the seven synopt ic stat ions
t ransmi t the i r observa t ion by BLU t ransmi t -
receiver sets. An extens ion of these BLU sets to
f ive subsequent stat ions is foreseen. An APT
apparatus (Automat ic Picture Transmiss ion) is
also p lanned to receive meteoro log ica l satel l i te
pho tos , w h i c h w o u l d p rov ide know ledge o f the
cloud cover. In fur therance of th is idea we have
entered into close co l laborat ion w i th the re-
g ional te ledetect ion center in Ouagadougou .
Actual ly , t he regional te ledetect ion center is
des igned to receive, process, and d i f fuse satel-
l i te i n fo rmat ion f o r a large n u m b e r of Af r ican
countr ies fo r w h o s e coverage i t is responsib le.
M e a s u r e m e n t s U n d e r t a k e n
b y t h e M e t e o r o l o g i c a l Serv ice
Numerous a tmospher ic parameters are regu-
larly observed in the context of the meteoro-
logical sys tem; for examp le :
screened tempera tu re at the soi l surface and
in the so i l ;
w i n d veloc i ty 2 m above the soi l and at a h igh
a l t i tude;
soil pressure;
air hum id i t y and soi l h u m i d i t y ;
Figure 2. Organization Chart of the Meteorological Service in Upper Volta. 
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prec ip i ta t ion (p luv iomete r , reco rd ing ra in -
gauge)
g loba l rad iat ion and the dura t ion o f sun l igh t
(pyranometer and the he l iograph) ;
evaporat ion (Class A pan, piche, Co lorado
pan).
Spec ia l m e a s u r e m e n t s such as r uno f f and
e v a p o r a t i o n are m a d e a t s o m e a g r o m e t e -
oro log ica l stat ions.
1. Phenolog ica l observat ions pose a ma jo r
p rob lem due to the lack of observers in th is
area. A s imp l i f ied manua l fo r the use of
vo lun teer observers in th is area is being
produced .
2. The data thus col lected fo r the ne twork as
a who le are sent to the Office of Meteoro l -
ogy, whe re they are checked, analyzed,
and manua l l y t ranscr ibed into documen ts
that can be easily and accessibly s tored,
such as f i le cards. The regis t rat ion and
storage of data on magnet ic tapes and re-
cords is foreseen as soon as the compu te r
p l a n n e d f o r t h e A g r h y m e t Regional Project
for the Sahel countr ies is instal led.
A l r e a d y C o m p l e t e d S t u d i e s
Numerous studies have already been carr ied
out by the me teo ro log i ca l serv ice o f Upper
Vo l ta ; those that assist the agr icul tura l services
are:
A G R O M E T E O R O L O G I C A L S T U D Y O F T H E B O B O -
D I O U L A S S O R E G I O N . The Bobo-Dioulasso reg-
ion const i tu tes the sou thwes t part o f t he coun-
t ry and is known for its economic act iv i ty. The
goal o f the s tudy was to s h o w potent ia l users of
agrometeoro log ica l i n fo rmat ion the var iab i l i ty
of c l imat ic parameters (by locat ion) and the f re-
quency at w h i c h certain th resho lds are at ta ined,
w h i c h made i t poss ib le to r ecommend fo r o r
against s o m e techn iques or crops at a g iven
per iod.
S O L A R E N E R G Y A N D D U R A T I O N O F I N S O L A T I O N
IN U P P E R V O L T A . The s tudy o f solar energy
has m a d e i t possib le to de te rm ine the levels of
solar energy avai lable fo r the w h o l e country .
This has been helpfu l in de te rm in ing (a) possi -
b le exp lo i ta t ion of the water tab le fo r i r r igat ion
w i t h solar p u m p s and (b) the feasib i l i ty of us ing
solar ovens and stoves to avo id deforestat ion.
The average annual g loba l rad iat ion va lue is
500 ca l /cm 2 per day for the ent i re country .
PET A N D I T S D E T E R M I N A T I O N B Y T H E P E N M A N
M E T H O D O F E N E R G Y B A L A N C E . This documen t
is w ide l y used by i r r igators and const ructors of
water reservoirs.
F R E Q U E N C Y S T U D Y O F A N N U A L A N D M O N T H L Y
R A I N S . The goal o f th is s tudy was to comp le te
the average isohyet maps fo r 1/4, 1/2 (mean),
and 3/4 f requenc ies of the rains, for one year in
four , one year in t w o , and th ree years in four ,
respect ively (Figs. 4, 5, and 6). S imi lar data fo r
Augus t are presented in Figs. 7, 8, and 9.
E S T A B L I S H M E N T OF R A I N F A L L P A T T E R N . Th i s
study has permi t ted a reg ion-by- reg ion deter-
m i n a t i o n o f t h e d a t e s w h e n s e e d i n g has
reasonable chances of success. W i th one year
calculated, i t is poss ib le to de te rmine the prob-
able success of the fa rmers ' seeding at the start
of the rains, tak ing in to accoun t the nature of the
soil and the preparatory t i l l ing .
M O N T H L Y A G R O M E T E O R O L O G I C A L B U L ' L E T I N .
This is put ou t du r ing the rainy season w h i c h , in
p a r t i c u l a r , g i ves t h e ra in fa l l and p o t e n t i a l
evapot ransp i ra t ion d is t r ibu t ion for the ent i re
terr i tory.
Many other technical documents have been
prepared by the agrometeoro log ica l service in
response to s o m e of thei r cl ients' needs.
In the area of y ie ld forecasts, however , every-
th ing sti l l remains to be done, as any progress
on this p lan has been hampered by the lack of
val id stat ist ical y ie ld data. Al l these aspects w i l l
b e f o l l o w e d up as soon as possib le because the
agrometeoro log ica l service present ly has ac-
cess to a large p lo t of land in the m idd le of the
n a t i o n a l m e t e o r o l o g i c a l ce n te r o f
Ouagadougou , w h i c h is located at the entrance
to the city. This land w i l l be used for d i f ferent
exper iments , especial ly to i l lustrate certain ag-
r icul tural p roduc t ion ideas in relat ion to the cl i -
mate.
To summar ize , the agrometeoro log ica l ser-
v ice is already off to a good start in Upper Vo l ta ;
however , i t w i l l not be ab le to fu l l y respond to its
object ives un t i l :
• t h e s e r v i c e i s w e l l s t r u c t u r e d , w i t h
adequate staff and mater ia l ;
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• t he means of rap id t ransmiss ion are func-
t i ona l ;
• ca lculat ion resources are deve loped tha t
w i l l pe rm i t ma jor stat ist ical calculat ions to
be made (correlat ions f r o m forecasts o f the
m o n t h l y water balance by in t roduc ing
condi t iona l probabi l i t ies in the de te rmina-
t ion mode ls of th is parameter , etc.).
• t he level of meteoro log ica l forecasts is
improved . In th is area we place much hope
i n t h e t e l e d e t e c t i o n c e n t e r i n
Ouagadougou , wh ich w i l l assure the re-
cept ion and t rea tment of satel l i te photos .
We have just g iven a quick sketch of t he ag-
rometeoro log ica l service in Upper Vol ta. We
w o u l d be happy to have any suggest ions or
recommenda t ions towards the cont inua t ion or
mod i f i ca t i on o f s o m e aspects o f the w o r k u n -
dertaken in th is area.
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Session 2 
Water-budgeting Models
and Their Application
C h a i r m a n : R . H . S h a w
C o - c h a i r m a n : R. P. S a r k e r
R a p p o r t e u r : A . K . S . H u d a
Summary and Recommendations
This session covered a range of topics. A basic
paper on mode l i ng evapot ransp i ra t ion (King)
summar i zed a n u m b e r of the equat ions used to
est imate evapot ransp i ra t ion . One m i g h t ques-
t ion the comp lex i t y of s o m e of these, bu t i t
shou ld be recognized that t hey are used to
expla in t he basic evapot ransp i ra t ion process
and the factors i nvo l ved , a p rocedure that re-
qu i res phys ica l ly s o u n d mode ls , wh i ch may be
est imated w i t h greater accuracy than is re-
qu i red fo r many app l ica t ion p rob lems. How-
ever, these approaches are impor tan t and may
prov ide clues as to w h a t changes m i g h t be
made in m a n a g e m e n t by k n o w i n g exact ly w h a t
factor caused the evapot ransp i ra t ion . For
example , a s tudy of canopy resistances under
var ious managemen t systems m i g h t p rov ide
in fo rma t i on on changes that cou ld be made to
conserve water . S o m e of th is t ype of w o r k
needs to be done w i t h th is v i ewpo in t in m i n d .
Ind iv idua ls and g roups w o r k i n g on these
p rob lems shou ld all unders tand these mode ls
(at least w h a t they do) and the assumpt ions
invo lved. This seems a necessary componen t of
fu tu re t ra in ing .
Var ious aspects of the water budge t ing pro-
cedure we re d iscussed. The versat i le soi l mo i s -
ture budget as presented by Baier is one possi-
ble mode l that cou ld be tested. I t seems advis-
able that ICRISAT col lect the data to test a 
number o f mode l s , to evaluate, and to deve lop
i f necessary, mode ls that w i l l g ive adequate
estimates. It is doubt fu l if any one mode l wi l l
p rove to be the best eve rywhere under the w ide
range of weather cond i t ions that occur. By
deve lop ing such mode ls , soi l m o i s t u r e d a t a can
be est imated fo r s i tuat ions or areas not actual ly
measured . This shou ld be poss ib le once a 
sat isfactory m o d e l is avai lable. This seems of
p r imary impor tance in the SAT, w h e r e water
supp ly is a ma jor p rob lem. At the same t i m e ,
steps shou ld be taken to col lect the ag-
rometeoro log ica l data necessary fo r th is , and
other purposes.
Dr. Russell spoke on t he dynam ics of soi l
mo is tu re in Ver t iso ls and Al f iso ls . Work needs
to be cont inued to develop a tho rough under-
s tanding of the soi l mo is tu re character is t ics of
the t rop ica l soi ls. Several speakers presented
data s h o w i n g soi l mo is tu re prof i les ; such data
shou ld be col lected at m a n y sites under d i f fe-
rent c ropp ing cond i t ions to de te rm ine : w h e r e
is the water in the prof i le ; w h e n is i t there; and
h o w m u c h is present. These quest ions mus t be
answered i f t he water balance and its effect on
agr icu l ture are to be measured .
Franquin po in ted ou t that water-ba lance
p rog rams shou ld invo lve m i n i m u m cost. I t is
impor tan t tha t costs be cons idered w i t h ap-
proaches used w h i c h w i l l p rov ide the des i red
accuracy for t he part icular p rob lem w i t h o u t
overmeasur ing certain parameters . Franquin
presented a water -ba lance m o d e l (stochastic
model ) and s h o w e d h o w i t cou ld be used to
de te rm ine s u b h u m i d and h u m i d per iods. This
kind of p rocedure m igh t be very useful as par t of
an agrometeoro log ica l c l imate- typ ing sys tem.
Dancette 's paper concentrated on the wa te r
requ i rements o f mi l le t , bu t o ther crops w e r e
freely d iscussed. Var iet ies w i t h i n a c rop showed
di f ferent water use, and there fore d i f ferent
adaptat ions to the c ropp ing systems. Such data
shou ld be obta ined fo r m o r e areas and f o r m o r e
crops, to obta in i n fo rma t ion on h o w best to
uti l ize avai lable water and f ind the mos t
eff ic ient c ropp ing systems, inc lud ing inter-
c ropp ing . However , water use is on ly one part
o f the in te rc ropp ing p rob lem. Radiat ion mea-
surements are an essential part of th is p rog ram.
The f inal paper by Ryan repor ted on another
aspect of the water balance — runoff . In add i -
t i on to empi r ica l mode ls , fu r ther measured data
may be necessary. The mos t eff icient size sys-
t e m needs to be examined f o r all areas of the
SAT w h e r e tanks may be instal led as part of t he
fa rm in g sys tem. Franquin men t i oned one po in t
that seems to have received l i t t le emphas is so
far — excess wa te r can be as d a m a g i n g as lack
of water . Th is factor needs to be considered in
fu tu re p rog rams .
R e c o m m e n d a t i o n s
1. Recommenda t i ons Nos . 2 and 3 f r o m Ses-
s ion 1, that the specif ic data requ i rements
fo r agrometeoro log ica l data be ou t l i ned
and tha t an effect ive sys tem be deve loped ,
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can again be seconded. The observat ions
necessary fo r wa te r -budge t ing mode l s
need to be inc luded.
2 . Var ious wa te r -budge t ing mode l s shou ld
be evaluated fo r the c rops g r o w n in t he
SAT and tested over the SAT area. This
requires measur ing the d i f ferent c o m -
ponen ts o f the wa te r budget .
3. Data shou ld be col lected on soi l mo i s tu re
to s h o w w h e r e in the prof i le water i s
present , w h e n i t is present, and h o w m u c h
is present.
4 . The wa te r requ i rement o f d i f ferent c rops
and var ie t ies g r o w n in the SAT shou ld be
evaluated.
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Profile Moisture Dynamics of Soil
in Vertisols and Alfisols
M. B. Russell*
Summary
Research to develop and evaluate alternative systems of soil and crop management for 
increasing and stabilizing food production in the SAT should give particular attention to 
the dynamics of water as it moves into and through the soil-plant-atmosphere 
continuum. More complete understanding of the physical processes which determine 
such dynamic behavior and of the natural and man-induced factors that control them will 
provide an improved basis for interpreting system performance and for generalizing the 
results of site- and season-specific field experiments on various production practices. 
Water m a n a g e m e n t in the ra infed areas of the
semi-ar id t rop ics is basical ly a p rob lem of us ing
as fu l ly as poss ib le the erratic seasonal rainfal l
to meet the t ransp i ra t ion needs of crops. The
soil pro f i le serves as a means of ba lanc ing , over
t i m e , the d i scon t inuous water supp ly w i t h the
con t inuous a tmospher ic evapora t ive d e m a n d .
Consequent ly , the physical capacity of t he soi l
for wa te r s torage and the rates at wh i ch water
can m o v e into, ou t of, and w i t h i n i t have
impor tan t effects on both the shor t - te rm and
the seasonal dynamics of the hydro log ic cycle.
The proper t ies of the soi l p ro f i le obv ious ly
affect its mo is tu re re tent ion, runof f , and dra in -
age as we l l as the losses of wa te r by evapora-
t i on and t ransp i ra t ion . Th is paper discusses
work be ing done 1) to quant i fy the dynamics of
water in the Al f iso ls and Ver t iso ls at ICRISAT
Center, and 2) to relate such measuremen ts to
crop g r o w t h .
The physical capaci ty of the soi l p ro f i le for
water re tent ion is de te rm ined by its dep th and
poros i ty . Because our p r imary interest is u l t i -
mate ly on water use by c rops, we use f ina l
roo t ing depth as the basis fo r estab l ish ing
prof i le dep th . In the deep Ver t iso ls th is is taken
as 187 cm. Dra inage is there fore def ined as the
d o w n w a r d water f l o w across the 187-cm p lane
and pro f i le -water s torage is the measured water
* Former ly Consul tant Soi l Physic ist , ICRISAT; pre-
sent ly at 1108 East Si lver Street, U rbana , I l l inois
61801 , USA.
content in the 0- to 187-cm sect ion. For
med ium-deep Ver t iso ls , we use either 127 or
157 cm as the effect ive prof i le depths, and fo r
the Al f iso ls we use 127 cm.
Prof i le poros i ty is de te rm ined by measur ing
bulk dens i ty on carefu l ly taken soi l cores or, in
the case of s tony hor izons, large soi l b locks of
k n o w n v o l u m e . The Ver t iso l prof i les are phys i -
cally qu i te h o m o g e n e o u s and isotropic. The
bulk dens i ty of t he upper 20-cm layer var ies
w i th t i l lage and seasonal d r y i ng and averages
1.3 g/cm3 . Be low that dep th i t ranges be tween
1.35 and 1.45, w i t h an average of 1.4 g/cm3 .
These values g ive a tota l water - re ten t ion capac-
ity o f 880 mm fo r t he 187-cm deep-Vert iso l
prof i le and 710 mm fo r t h e prof i le dep th o f
157-cm in the med ium-deep Vert isols.
T h e A l f i s o l p r o f i l e s are m u c h m o r e
heterogeneous, w i t h marked va t ia t ion in clay
content and stones at d i f ferent depths. Since
these proper t ies vary great ly w i t h dep th and
over shor t hor izontal d is tances, i t is d i f f icu l t to
make mean ing fu l general izat ions concern ing
the water - re ten t ion capaci ty of Al f iso ls . Bulk
densi t ies c o m m o n l y range f r o m 1.5 to 1.95
g/cm3 and the percentage o f part ic les >2 .0 mm
f r o m 0 to 7 0 % . I t is there fore necessary to
measure both of these quant i t ies at several
po in ts in each of the areas be ing s tud ied to
ar r ive at t he s i te-speci f ic p ro f i l e -s to rage
capacit ies fo r use in quant i ta t ive water -ba lance
and crop-water -use studies.
The t i m e and depth changes in pro f i le water
content b e l o w 22 cm are measured by neu t ron
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modera t i on . Changes o f wa te r content o f t he
upper 22 cm are measured by compos i t ed
grav imet r i c samples taken manua l l y w i t h sam-
p l ing tubes. T i m e and dep th changes in hyd -
raul ic head are measured w i t h tens iometers .
These are used to f o l l o w the t i m e and depth
pat terns of the onset of stress in the roo t zone
and to ind icate the size and d i rec t ion o f t he
vert ical hydrau l ic g rad ien ts w i t h i n t he prof i le ,
especial ly across its l ower boundary .
The p lant -ava i lab le water capaci ty of t he soi l
p ro f i le is de te rm ined f r o m f ie ld measurements .
The upper l im i t is de f ined as the a m o u n t of
water reta ined by an unc ropped pro f i le f o l l ow -
ing cessat ion of d ra inage after in f i l t ra t ion of
water in excess of tha t requi red to fu l l y recharge
it. Loss by evapora t ion du r i ng the d ra inage
per iod is usual ly m i n i m a l , but i t can be suppres-
sed, corrected for , or ignored. For t he deep
Vert isols, the average f ie ld capaci ty of t he
187-cm pro f i le is abou t 815 m m .
The lower l im i t o f p lant -avai lab le water o f t he
pro f i le is also opera t iona l l y de f ined as the
m i n i m u m wate r content t h r o u g h o u t the pro f i le
as measured in the f ie ld under a we l l -managed
deep- rooted long-season c rop g r o w n in t he
pos t ra iny season. W e have f o u n d tha t
res idua l -mois ture prof i les in the deep Vert iso l
at harvest of g o o d pos t ra iny season c rops are
qu i te s imi lar ; hence, we are us ing the m i n i m u m
values so ob ta ined as t he de facto l ower l im i t of
p lant-avai lab le water . For the deep Ver t iso l th is
is 590 m m . Not inc luded in th is es t imat ion is the
a m o u n t o f water be low t he 15-bar percentage
lost f r o m the upper 45 cm of the prof i le , because
evapora t ion can reduce t he mo is tu re content
be low the 15-bar l im i t to th is dep th .
The d is t r ibu t ion in layers of p lant -ext ractable
water in f ou r prof i les is s h o w n in Figure 1.
The va r ious so i l -pro f i le layers unde rgo
per iod ic accret ion and dep le t ion o f water . The
amp l i t ude and per iod ic i ty of these cycl ic
changes are de te rm ined by t he capaci ty o f t he
layers and the i r pos i t ion in t h e prof i le , as we l l as
by the a m o u n t and f requency o f the wa te r
add i t ions and w i thd rawa ls . The seasonal re-
charge of t h e unc ropped deep Ver t iso l in 1977
and its subsequent dep le t ion in the 6 -mon th
post ra iny per iod and p lo t ted in Figure 2.
Changes in hydrau l ic head in the f a l l o w Ver-
t i so l p ro f i l e du r i ng the 1977-1978 pos t ra iny
season are p lo t ted in F igure 3. The curves
clearly s h o w the change f r o m d o w n w a r d t o
u p w a r d wa te r -mov ing grad ients in the upper
part of t he pro f i le as evapora t ion gradua l ly
replaced dra inage as the mechan ism caus ing
the s l ow decl ine in pro f i le -water content .
Loss o f wa te r by evapora t ion f r o m the soi l
surface is a ma jo r c o m p o n e n t of the annual
water balance under SAT cond i t ions . T h e m a g -
n i tude of such losses s h o w s large year- to-year
and si te-to-si te var ia t ions, depend ing on the
f requency of rains and the dens i ty and longev i ty
of the vegeta t ive canopy. W h e n the soi l sur face
is we t , evapora t ion occurs at a rate cont ro l led
by energy supp ly and a tmospher ic d e m a n d
cond i t ions . As the soi l sur face dr ies, the rate of
evapora t ion decreases w i t h t ime . Th is is caused
by the inabi l i ty of t he unsatura ted sub-surface
soil to t ransmi t wa te r to the site o f evapora t ion
at or jus t be low the soi l surface at a rate
suff ic ient to meet the evaporat ive- loss rate;
hence there is a net loss of wa te r f r o m the
soi l -surface layer, w h i c h fu r ther reduces the
subsur face supp ly rate.
If the surface soi l is recharged by rain or
i r r iga t ion , t he evaporat ive- loss rate again re-
tu rns to tha t de te rm ined by a tmospher ic de-
m a n d , as ind icated by the open-pan evapora-
t ion rate. The loss rate f r o m the soi l sur face also
wi l l be reduced, i r respect ive o f the mo is tu re
cond i t ions of the surface i f radiant energy
reaching t h e sur face is reduced. Such reduct ion
occurs on c ropped land as a result of t he
in tercept ion of i n com ing solar rad ia t ion by the
crop canopy.
It is clear, there fore , that under cond i t ions of
Inermi t ten t rain the amo un t o f water lost f r o m
cropped land wi l l be a h igh ly dynamic factor
af fect ing the overal l ef f ic iency of wa te r use.
Field s tudies of the shor t - te rm var ia t ions of soi l
mo is tu re in the upper part of the soi l pro f i le
du r ing the early part o f the g r o w i n g season
have been conduc ted to test a s imp le pred ic t ive
mode l o f evapora t ive loss. A g re eme n t be tween
the pred ic ted avai lable wa te r in the upper soi l
layers w i t h that measured by g rav imet r i c sam-
ples taken in the f ie ld w a s sat isfactory.
The dai ly evaporat ive loss, E, is es t imated as a 
func t ion o f the open-pan evapora t ion rate, E p ;
t he n u m b e r of days, t , f o l l o w i n g a rain of
suf f ic ient size to recharge the sur face 10 cm of
so i l ; and t he f rac t ion , β, of i n c o m i n g solar
rad ia t ion reaching the soi l surface. The equa-
t i on E=β (Ep/t) is used to c o m p u t e t he da i ly
evapora t ive loss f r o m the dai ly rainfal l and
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Figure 1. Available water profiles for four soils. 
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Figure 2b. Moisture profiles of an uncropped 
deep Vertisol during the postrainy 
season.
open-pan data. U n d e r unc ropped cond i t i ons
β = 1.0, bu t under a c rop it is a t i m e -
dependent f unc t i on o f c rop g r o w t h tha t can be
measured d i rect ly o r es t imated f r o m the LAI .
T h e t i m e and dep th changes in pro f i le -water
content are be ing used to f o l l o w the seasonal
changes in d ra inage, evapora t ion , ava i lab le
Figure 3. Hydraulic-head profiles in an un-
cropped deep Vertisol during a dry-
ing cycle. 
prof i le mo is tu re , and t ransp i ra t ion du r ing the
rainy and post ra iny seasons on the Vert isols
and Al f iso ls at ICRISAT Center. I l lustrat ive
examples o f such t i m e and depth changes are
p lot ted in Figures 4 and 5.
Us ing measured values fo r dai ly rainfal l (P),
i r r igat ion (I), open-pan evapora t ion (Ep ) , runof f
(R), f ract ional rad ia t ion at the soi l sur face (/i ),
and change in p ro f i le -water content (A M) , i t is
poss ib le to quant i fy t he water -ba lance equa-
t i o n : i .e., P + l = M + R + D + E + T m .
The dra inage t e r m is based on the prof i le-
s torage capacity and t ransp i ra t ion (Tm) is ob-
ta ined as the residual in the equat ion . Ano the r
est imate of t ransp i ra t ion (Tө) also is compu ted
as Tө = Ep (1-β) . Th is assumes no advect ion
and no water stress. A set of water -ba lance
equat ions f o r a post ra iny-season s o r g h u m crop
on a deep Ver t iso l is presented in Table 1.
Seasonal water -ba lance equat ions fo r several
crops du r ing the rainy and post ra iny seasons
are p resented in Tab le 2.
The p ro f i l e -mo is tu re curves also can be used
to f o l l o w t h r o u g h o u t t he season the a m o u n t
and rate o f ex t rac t ion o f wa te r by roo ts and to
relate observed changes in t hose rates to the
a m o u n t o f roots and the avai lab le-water con-
tent at d i f ferent p ro f ie depths.
Changes in vo lumet r i c wa te r conten t w i t h
depth and t i m e in an A l f i so l p ro f i le in ra infed
and in i r r igated mi l le t c rops are p lo t ted in Figure
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Figure 2a. Moisture profiles of an uncropped 
deep Vertisol during the rainy sea-
son.
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Figure 5. Moisture profiles of rainfed and irrigated pearl millet on an Alfisol. 
6. The curves ind icate tha t the ra infed c rop
removed wa te r p rogress ive ly w i t h dep th and
t i m e to a depth of 1 d u r i n g t he f i rst 6 weeks of
g r o w t h , a t w h i c h t ime t he p lant -ext ractab le
mo is tu re to a 60-cm depth was m o r e t han 8 0 %
depleted. Subsequent water use was conf ined to
the 60- to 150-cm dep th and essent ia l ly ceased 2 
weeks later. The i r r igated c rop used t he pro f i le
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mois tu re to a depth of 90 cm f o l l o w i n g each of
the pro f i le - recharg ing i r r igat ions. Late-season
extract ion f r o m the i r r igated p lots also ex-
tended to 150 c m , so that the f ina l pro f i le -water
contents o f the i r r igated and ra infed p lo ts w e r e
simi lar . Prof i le-water ext ract ion by the i r r igated
crop con t inued fo r 4 weeks beyond cessat ion in
the non i r r iga ted p lots.
The progress ive dep le t ion o f the prof i le wa te r
is clearly s h o w n by the changes in capi l lary
potent ia l w i t h t i m e at var ious depths in the
nonir r igated plot (Fig. 6). These data also show
that root ext ract ion essent ial ly ceased by 10
December, 8 weeks after s o w i n g . At that t i m e
the potent ia l a t 30 and 45 cm had reached - 1 5
bars. The con t inued fal l i n potent ia l beyond - 1 5
bars at 15 cm is a t t r ibuted to mo is tu re loss by
evapora t ion . I t is conc luded that the roots at
depths b e l o w 50 cm were not enough to w i t h -
d r a w water a t the rate needed to ma in ta in the
mi l le t c rop. I t there fore essent ia l ly s topped
g r o w i n g even t hough the capi l lary potent ia l a t
60- and 75-cm — and p resumab ly also grea-
ter — depths was above the w i l t i ng point .
The rate of wa te r extract ion f r o m var ious
prof i le pos i t ions c o m p u t e d f r o m the so i l -
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Table 1. Postrainy-season water balances for rainfed sorghum on a deep Vertisol.
Open pan Prof i le Transp i ra t ion
Period Rainfal l evapora t ion wate r change Evaporat ion T m Te Tm/Ep
19 O c t - 7 N o v 17 107 - 2 6 21 22 11 0.20
7 N o v - 2 2 Nov 5 75 - 2 8 7 26 31 0.35
22 N o v - 8 Dec 8 65 - 2 7 1 34 45 0.52
8 Dec-29 Dec 20 98 - 3 3 0 53 69 0.54
29 Dec-16 Jan 17 75 - 2 3 6 34 48 0.45
16 J a n - 9 Feb 5 127 - 3 5 3 46 0.02
Total 72 547 - 1 4 4 40 176 250 0.32
T a b l e 2 . S e a s o n a l w a t e r b a l a n c e s f o r severa l c rops on a d e e p V e r t i s o l .
Crop da P I EP E* A M L E R D T m Te
Rainy season
Maize/p igeonpea 92 408 - 496 217 86 322 84 4 14 220 287
Maize/p igeonpea 103 466 - 573 253 82 384 172 - - 212 198
Maize 103 466 - 573 253 84 382 174 - - 208 194
Maize 92 408 - 497 222 39 369 71 5 42 251 326
Maize 90 408 - 484 216 62 346 66 3 36 241 319
Postra iny season
Pigeonpea 121 122 - 570 108 - 1 2 6 248 28 - - 220 391
Pigeonpea 100 104 - 471 108 - 1 3 5 239 43 - - 196 298
Chickpea 105 47 - 503 64 - 1 5 0 197 35 - - 162 242
Chickpea 88 104 - 420 107 - 97 201 58 - - 143 224
S o r g h u m 115 72 - 547 64 - 1 4 4 216 40 - - 176 250
Irr ig. Chickpea 105 47 67 503 79 - 1 3 5 249 36 - - 213 281
Irr ig. S o r g h u m 115 72 165 547 102 - 1 3 2 369 51 - - 318 284
da = Days L = Total water loss (mm)
P = Rainfall (mm) E = Soil evaporation (mm)
I = Irrigation (mm) R = Runoff (mm)
Ep = Open-pan evaporation (mm) D = Drainage beyond 187 cm (mm)
E* = Potential soil evaporation (mm) Tm = Mass-balance transpiration (mm)
AM = Change in profile moisture (mm) Te = Energy-balance transpiration (mm)
moisture profile curves for the irrigated millet
crop is plotted in Figure 7. The general agree-
ment in the distribution of roots and the rates of
water extraction is reasonably good, and is
consistent wi th the view that during these
periods the crop was not seriously stressed and
that the supply of water at various depths in the
profile was not l imiting water-uptake rates.
Detailed water balances computed for several
periods for both the rainfed and irrigated crops
are presented in Table 3. Evaporation consti-
tuted less than 20% of the water lost by the
irrigated and the rainfed plots. For the rainfed
crop the values for Tm and Te were similar
during the first 6 weeks, indicating that the crop
was not experiencing moisture stress. However
for the next 3 weeks Tm <<Te , indicating severe
moisture stress. In the irrigated crop, Tm was
quite similar to Te throughout the entire 80-day
growing season. Yields of the irrigated and
rainfed crops were 1800 and 1100 kg/ha, respec-
tively. These yields divided by the amount of
water transpi red gave water-use efficiencies for
the two crops of 150 and 140 kg grain per
centimeter of water transpired.
Changes in available moisture at four depths
in the irrigated plots are presented in Table 4.
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Table 3. Water balances for pearl millet sown 13 October on reinfect and irrigated Alfisol.
da P EP E* β A M L E Tm Te
Rainfed pear l mi l le t
31 Oc t -10 Nov 10 18 52 17 0.70 - 12 30 12 18 16
10 N o v - 2 5 Nov 15 10 67 14 0.35 - 46 56 5 51 44
25 N o v - 5 Dec 10 2 42 3 0.40 - 5 7 1 6 25
5 Dec-15 Dec 10 0 49 2 0.60 - 3 3 1 2 20
Tota l 45 30 210 36 - - 66 96 19 77 105
I r r igated pear l mi l le t
31 Oc t -10 N o v 10 18 52 17 0.70 - 15 33 12 21 16
14 N o v - 2 3 Nov 9 5 38 10 0.35 - 42 47 4 43 25
25 N o v - 5 Dec 10 2 40 12 0.25 - 29 31 4 27 30
12 Dec-28 Dec 16 0 63 9 0.38 - 30 30 3 27 39
28 D e c - 5 Jan 8 0 37 2 0.60 - 14 14 1 13 15
Tota l 53 25 240 50 - - 1 3 0 155 24 131 125
da = Days AM = Change in pro f i le mo is tu re ( m m )
P = Rainfal l (mm) L = Tota l wa te r loss (mm)
Ep = Open-pan evapora t ion (mm) E = Soi l evapora t ion (mm)
E* = Potent ia l so i l evapora t ion Tm = Mass-balance t ransp i ra t ion ( m m)
β = L ight t ransmiss ion coef f ic ient Tө = Energy-ba lance t ransp i ra t ion (mm)
Figure 6. Capillary potentials during profile 
depletion under rainfed pearl millet 
on an Alfisol. 
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I r r igat ions on 12 and 24 November and on 10
December recharged the 0- to 22- and 22- to
52-cm layers, w h i c h we re subsequent ly de -
pleted by roo t ext ract ion. These layers ac-
counted for nearly 9 0 % of the water used by the
mi l le t crop. The ef f ic iency w i t h w h i c h t he c rop
used the storage capacity of the four prof i le
layers is g iven by the capacity-use factor (CUF)
wh ich is def ined as the seasonal w i thdrawa l
d iv ided by the layer capaci ty f o r each layer. The
CUF va lues of 2.9,1.2,0.55, and 0.15 fo r t he 0- to
22-, 22- to 52-, 52- to 82-, and 82- to 127-cm
layers emphasize t he fact tha t t h e pearl mi l le t
root sys tem was inef fect ive in i ts exp lo i ta t ion of
avai lable wa te r b e l o w 52 cm in th i s A l f i so l
prof i le .
The changes in avai lable wa te r in six layers of
the deep-Vert iso l p ro f i le under ra infed and i r r i -
gated s o r g h u m d u r i n g t he post ra iny season are
summar i zed in Table 5. For the rainfed c rop , t h e
smal l ra ins du r ing t h e g r o w i n g season on ly
part ia l ly recharged t he 0- to 22-cm layer. The
Figure 7. Root densities (bars) and water-extraction rates (lines) of pearl millet on an Alfisol. 
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deeper layers each lost water progress ive ly by
root ext ract ion. In the i r r igated p lots the re-
charg ing act ion o f rains w a s supp lemen ted by
i r r igat ions on 18 Novembe r and 19 December,
wh i ch recharged the ent i re prof i le . As a result of
those cycl ical recharg ings and dep le t ions, the
tota l wa te r extracted f r o m the var ious soi l
layers exceeded t he capaci ty of those layers.
The capaci ty-use factors fo r the i r r igated sor-
g h u m w e r e 2.6, 1.8,1.2,1.1,0.9, and 1.0. For the
rainfed c rop the co r respond ing CUF va lues
w e r e 1.7, 0.8, 0.8, 0.6, 0.5, and 0.5.
Of t he 175 mm of water t ransp i red by the
ra infed s o r g h u m , the percentages ob ta ined
f r o m each o f the six depths o f the p ro f i l e w e r e
28, 23, 20, 12, 9, and 8. The co r respond ing
values fo r t he i r r igated c rop , w h i c h t ransp i red
310 mm dur ing the 112-day g r o w i n g season,
w e r e ve ry s imi la r — 25, 30, 18, 13, 9, and 8.
These data suggest that there was l i t t le dif fer-
ence in roo t -deve lopmen t pat terns of these
rainfed and i r r igated s o r g h u m crops and that
the a m o u n t o f avai lab le wa te r in the var ious
layers was the d o m i n a n t fac tor in f luenc ing the
t ime-and depth-pat terns of wa te r use.
The a m o u n t o f wa te r ext racted f r o m deep
Vert iso l by roots of ra infed p igeonpea du r i ng
f ive per iods of the post ra iny season are sum-
mar ized in Tab le 6. The rain that occurred
du r i ng the season only part ia l ly recharged the
upper t w o layers of the prof i le . Data in Tab le 6 
w e r e calculated f r o m the pro f i le -dep le t ion
curves and f r o m dai ly wa te r balances fo r the
per iods f o l l o w i n g rains. F o r t h e s e a s o n , t he crop
obta ined 5 7 % of its water f r o m the upper 52 cm
of the prof i le . The CUF va lues for the six depths
were 2.5, 0.9, 0.6, 0.6, 0.8, and 1.0. These
indicate tha t t he p igeonpea roots we re ef fect ive
in r e m o v i n g water t h r o u g h o u t the ent i re
187-cm Vert iso l prof i le .
The effects of the dep le t ion of avai lab le mo is -
tu re on wa te r uptake by s o r g h u m and chickpea
f r o m var ious depths in a Ver t iso l p ro f i le are
s h o w n in Figure 8. Both crops w e r e s o w n in
mid-October . The ra infed and i r r igated plots
w e r e t reated al ike p r i o r t o t h e pro f i le - recharg ing
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T a b l e 4 . S e a s o n a l c h a n g e s i n ava i l ab le w a t e r i n f o u r layers o f a n A l f i so l u n d e r i r r i g a t e d pear l m i l l e t .
Depths (cm)
0 - 2 2 22-52 52-82 82-127 0 - 1 2 7 C U
a
(mm) (mm) (mm) (mm) (mm) (mm)
Oct 31 22 28 18 16 84 0
N o v 10 4 25 20 21 70 14
12b 0 24 20 21 65 19
14 19 28 21 22 90 19
23 0 18 15 18 51 58
25 17 24 14 15 70 58
Dec 5 3 15 12 14 44 84
10 c 0 10 11 13 34 94
12 17 23 12 17 69 94
15 2 19 12 17 50 113
28 1 15 10 13 41 122
Jan 5 0 12 8 14 34 129
Seasonal use 75 39 11 4 129
Layer capaci ty 26 33 20 27 106
CUFd 2.9 1.2 0.55 0.15
a. Cumulative use (mm)
b. Capacity use factor
c. Extrapolated from 31 Oct to 10 Nov losses
d. Extrapolated from 25 Nov to 5 Dec losses
Figure 8. Water-extraction profiles of rainfed and irrigated sorghum and chickpeas on a deep 
Vertisol.
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Table 6. Profile water use (mm) by pigeonpea from a deep Vertisol during postrainy season.
Depth (cm)
Calendar dates Days 0 - 2 2 22-52 52 -82 82-112 112-142 142-187 Tota l
24 S e p - 1 2 Oct 18 27 13 4 4 2 0 50
12 Oct -28 Oct 16 18 11 7 4 3 4 47
28 Oc t -15 Nov 18 23 11 7 7 8 9 65
15 N o v - 3 0 Nov 15 6 3 5 3 3 6 26
30 N o v - 2 Jan 33 5 5 4 2 2 4 22
Seasonal to ta l 100 79 43 27 22 18 23 212
i r r igat ion appl ied on 19 November . Th curves
clearly s h o w that to ta l a m o u n t o f wa te r used
and the pos i t ion in the p r o f i l e f r o m w h i c h i t was
extracted dur ing the 16-day per iod w e r e each
qui te d i f ferent for the ra infed and i r r igated
crops. Since i t is reasonable to assume tha t in
these p lo ts the root sys tem of the ra infed and
ir r igated crops was the same, the d i f ferences in
water -uptake rates can be a t t r ibu ted to the
greater dep le t ion and h igher so i l -mo is tu re suc-
t i on tha t existed in the upper parts of the prof i le
in the non i r r iga ted p lots.
Theda ta d iscussed herein i l lustrate the role of
the soi l pro f i le in modu la t i ng the water supp ly
and d e m a n d re lat ionships that character ize
crop p roduc t ion under SAT cond i t ions . Quan-
t i ta t ive f ie ld studies o f the t i m e and depth
pat terns of recharge and dep le t ion of the soi l
pro f i le p rov ide a useful means of in tegra t ing , in
agronomica l l y re levant te rms, the dynamic in-
terac t ion of c l imat ic , edaphic, and p lant fac tors
that de te rm ine c rop p roduc ton .
The a m o u n t and t i m i n g of the rains as we l l as
the size and rate of deve lopmen t of the crop
canopy and o f the root sys tem s t rong ly
inf luence the pe r fo rmance of the soi l pro f i le as a 
means fo r p rov id ing the water supp ly fo r crop
use. Thus du r i ng seed ing and s tand establ ish-
ment , i t is t h e p lant-avai lable wa te r in t h e upper
f e w cent imeters o f the prof i le that is impo r tan t ;
consequent ly the ef fect ive s torage capaci ty is
smal l and the t i m e requ i red to dep le te i t is shor t .
On t he other h a n d , w h e n t he c rop i s fu l ly
es tab l i shed, its root sys tem may have access to
a prof i le -s torage capaci ty that may be 50 t imes
the dai ly t ransp i ra t ion requ i rement ; hence the
system w i l l no t exper ience rapid shor t - te rm
change. An adequate ag ronom ic descr ip t ion o f
the soi l p ro f i le as a mo is tu re reservoir fo r t h e
crop shou ld indicate whe re and w h e n , as we l l as
h o w m u c h , water i s avai lable t h r o u g h o u t the
ent i re g r o w i n g season.
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The Versatile Soil-Moisture Budget: Concepts
and Application
Wolfgang Baier and Jim Dyer*
Summary
The Versatile Soil Moisture Budget (VB) considers the major soil and plant processes that 
involve water. At the same time, the model is simple to understand and use. It represents 
a compromise between a completely statistical approach, where no parameterizing of 
physical processes is attempted, and a mathematical approach, in which only physical 
parameters are used. Although the purely physical or mathematical approach is often 
preferable, it is not usually possible since root distribution and hydraulic conductivity 
values are difficult to measure and are seldom available. The VB is the result of a 
semiempirical approach for which the necessary coefficients have been statistically 
derived for the most common field and crop situations. The performance of the budget 
has also been well verified in many applications. 
Each m e t h o d fo r measur ing so i l mo is tu re has
certain inherent sho r t comings , bu t all have the
addi t iona l l im i ta t ion that the results of s i te
measurements mus t s o m e h o w be integrated
over space in order to be useful for agr icul tura l
appl icat ions. Because of these ins t rumenta l
l im i ta t ions, there have been m a n y a t tempts to
c o m p u t e evapot ransp i ra t ion and thereby, ind i -
rect ly, so i l -mo is tu re content , by means of
physical me thods or empir ica l f o rmu lae . The
physical me thods fo r mode l i ng so i l -mo is tu re
t ransfer and d is t r ibu t ion o v e r t h e soi l p ro f i le are
at a stage w h e r e they w o u l d be useful in
research but not f o r agr icu l tura l appl icat ions
w h e r e in fo rmat ion over t i m e and space is re-
qu i red . On the other hand , c l imato log ica l
wa te r -budge t ing techn iques have been w ide ly
used in research and appl icat ions. Such
t e c h n i q u e s are d e s i g n e d t o d e t e r m i n e
i r r igat ion-water requ i rements in soi ls under
nonwater-s t ress cond i t ions or the d is t r ibu t ion
of soi l wa te r in soi ls under l im i t i ng so i l -
mo is tu re condi t ions. L i terature rev iews of the
var ious approaches are avai lable in research
papers and in several W M O (Wor ld Me teo ro log -
ical Organisat ion) pub l ica t ions (see Refer-
* Head and Agrometeo ro log i s t , respect ively, A g -
rome teo ro logy Sect ion and Land Resource Re-
search Un i t , Ag r i cu l t u re Canada, Ot tawa, Canada.
ences). A typ ica l example is the Versat i le Soi l -
Mo is tu re Budget, descr ibed here in deta i l .
D e s i g n o f t h e V e r s a t i l e B u d g e t
The Versat i le Budget (VB) is essent ial ly a 
meteoro log ica l water budget ing procedure.
Because of its des ign , i t is m o r e versat i le than
earlier a t tempts to calculate soi l mois ture f r o m
cl imat ic data (Baier and Robertson 1966). The
VB w a s specif ical ly deve loped to accept dai ly
data of prec ip i ta t ion and est imates of potent ia l
evapot ransp i ra t ions (PE) fo r s imu la t ing var ia-
t ions in dai ly so i l -mo is tu re content by mak ing
use of general ly accepted concepts of water
m o v e m e n t into the soi l and water loss f r o m the
soil t h r o u g h actual evapora t ion f r o m an un -
cropped soi l surface or t h r o u g h evapot ransp i -
rat ion f r o m crops (AE).
A f l owchar t (Fig. 1) p lots the water pa thways
in the soi l and roots , to and f r o m the a tmo-
sphere, as s imu la ted in the VB. The var ious
computa t i ona l steps in t he m o d e l , i nc lud ing the
d is t inc t ion be tween so i l -mo is tu re ext ract ion
and so i l -mo is tu re recharge are also s h o w n .
Soil Moisture Extraction
Water is w i t h d r a w n s imu l taneous ly f r o m di f fe-
rent dep ths o f t he soi l p ro f i le in re la t ion to t he
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Figure 7. Soil root-atmosphere pathways for water in the versatile soil-moisture budget. 
rate of PE, roo t ing patterns of crops, d i f ferent
so i l -mo is tu re release character ist ics, and the
avai lable wa te r in each of six zones of speci f ied
wate r -ho ld ing capacit ies. PE is used as a c l ima-
tic parameter of the potent ia l rate of evapo-
t ranspirat ion f rom a dense crop freely suppl ied
w i t h water ( W M O 1966b). The general equat ion
of the VB for es t imat ing dai ly AE f r o m PE is as
fo l l ows :
(1)
Where
= actual evapotranspiration for day i 
ending at the morning observation
of day i + 1
= summation carried out f rom zone
j = 1 to zone j = n 
k j = coefficient accounting for soil and
plant characteristics in the j th zone
S' j(i — 1) = available soil moisture in the j th
Sj
PEi
zone at the end of day i -1 (that is,
at the morning observation of day
i)
= capacity for available water in the
j th zone
= adjustment factor for different
types of soil dryness curves
= potential evapotranspiration for
day i 
A l t hough th is equat ion g ives the tota l AE, ac-
cumu la ted over all zones (1 to n), the effect on
AE of t he avai lable water content of each zone (j)
must be compu ted separately.
S t a n d a r d Z o n e s
The to ta l v o l u m e of p lant-avai lable soi l mo is -
tu re in t he soi l pro f i le is subd iv ided in to six
zones of va ry ing capacit ies. The a m o u n t of
mo is tu re he ld in each zone is arbi t rary, bu t a 
s tandard re la t ionship fo r the zonal capacit ies
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has been adopted (Table 1). The six s tandard
zones conta in respect ively 5.0, 7.5, 12.5, 25.0,
25.0, and 25.0% of the to ta l p lant -avai lab le
mo is tu re -ho ld ing capaci ty of t he soi l prof i le .
Thus , a zone is def ined as a f rac t ion of the to ta l
avai lable soi l mo is tu re . Because the root dis-
t r i bu t ion di f fers in dep th f r o m soi l to so i l , t he
locat ion of the zones also di f fers, bu t not the
f ract ional subd iv is ion of the to ta l avai lable soi l
mo is tu re . The adop t ion of s tandard zones
makes i t poss ib le to use one set of c rop
coeff ic ients fo r a par t icu lar c rop in any type of
so i l , because i t is assumed that the uptake of
avai lable water by crops a lways f o l l o w s a 
character ist ic pat tern tha t depends on plant-
roo t ing habits. For wa te r -budge t ing proce-
dures, i t is i r re levant at w h i c h dep th t he water is
located w i t h i n t he soi l prof i le.
C r o p C o e f f i c i e n t s
Crop coeff ic ients (k) express the a m o u n t of
water extracted by p lant roots f r o m the d i f ferent
zones du r i ng the g r o w i n g season as a func t ion
of PE. To s imu la te th is water uptake, the
k-coeff icients change du r ing the g r o w i n g sea-
son on a calendar basis, bu t pre ferab ly accord-
ing to c rop -deve lopment stages or on a 
b iometeoro log ica l t ime-scale basis, such as
proposed by Rober tson (1968). The t rans i t ion
dates be tween c rop stages mus t be read in to
the p r o g r a m fo r each year. The k-coeff icients
present ly in use have been de te rm ined by
i terat ive compar i sons be tween compu ted and
measured soi l mo is tu re or w e r e est imated to
resemble the mos t p robab le c rop- roo t ing pat-
tern under the preva i l ing env i ronmenta l cond i -
t ions. Tab le 2 l ists the k-coeff icients deve loped
so far. The d is t r ibu t ion of k va lues over dep th
cor responds w i t h the s tandard zones m e n -
t ioned above ; however , i t is poss ib le to redef ine
these k-coeff icients to cor respond to a new set
of zonal capacit ies.
C r o p C o e f f i c i e n t A d j u s t m e n t
In compar isons be tween observed and est i -
mated soi l mo is tu re under non i r r iga ted crops,
Baier (1969a) f ound tha t du r ing d rough t per iods
plant roots absorbed, f r o m the relat ively mo is t
lower layers, compara t i ve ly m o r e water than
they d id f r o m a un i f o rm ly mo is t soi l prof i le . This
is s imu la ted in the VB by decreasing the
k-coeff icients for the upper zones, w h e r e water
is no longer or is less readi ly avai lable, and by
g iv ing m o r e i n f l u e n c e t o t h e l owerzones , whe re
water is stil l avai lable. The use of th is adjust-
ment and the date of its c o m m e n c e m e n t are
opt iona l . The ad jus tment takes the f o r m :
Soi l M o i s t u r e A v a i l a b i l i t y t o P l a n t s
For the pu rpose of th is budget , p lant-avai lable
soi l mo is tu re is cons idered to be the amoun t of
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Table 1. Standard soil-moisture zones and available water In each zone for use In the Versatile
Budget (VB).
Tota l p lant-avai lab le water ( inches)
Percent of to ta l
capaci ty
2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
Zone Ava i lab le wa te r ( inches)
1 5.0 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
2 7.5 0.15 0.23 0.30 0.38 0.45 0.53 0.60 0.68
3 12.5 0.25 0.38 0.50 0.63 0.75 0.88 1.00 1.13
4 25.0 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
5 25.0 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
6 25.0 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
(2)
where
k'j = adjusted k-coefficient for the j th
zone
S'm( i — 1) = available soil water in the mth zone
Sm = capacity for available water in the
mth zone.
mois tu re over the r a n g e f r o m f ie ld capaci ty (1/3
atm or pF = 2.7) to permanent w i l t i ng ( 1 5 a t m o r
pF = 4.2). Contrad ic tory v iewpo in t s exist on the
avai labi l i ty of soi l mo is tu re over th is range for
g r o w t h and t ransp i ra t ion . A rev iew of l i terature
per ta in ing to so i l -mois ture reg ime exper iments
(Baier 1968) suggested tha t the re la t ionship
between avai lable mo is tu re in the soi l and
AE : PE rat io stil l depends on physical charac-
ter ist ics of the so i l , even t h o u g h all o ther
factors — such as p lant phys io log ica l charac-
ter ist ics of wa te r uptake and a tmospher ic de-
m a n d as ref lected in the PE rate — are taken
into account.
Typical re lat ionships be tween avai lable soi l
mo is tu re and AE : PE rat io are p lo t ted in Figure
2. Baier (1969b) d iscussed these re lat ionships in
detai l and demons t ra ted that the so i l -mo is tu re
est imates f r o m t h e VB di f fered s igni f icant ly
w h e n ex t reme types (e.g., C and F) we re used,
whereas those fo r t w o s imi lar types (e.g., C and
D, or B and F) were very close, and the error was
probab ly w i t h i n the prec is ion o f most me thods
for so i l -mois ture de te rmina t ion . The dec is ion
as to w h i c h t ype to use can be based on
compar isons be tween observed and est imated
soi l mo is tu re by test ing d i f ferent re lat ionships
in each compute r run or on ex is t ing know ledge
of mois ture- re tent ion characterist ics of soi ls
(Salter and Wi l l i ams 1965).
The VB makes prov is ion fo r us ing the var ious
re lat ionships s h o w n in Figure 2 t h r o u g h the
so-cal led Z-tables (Table 3). These tables can be
better unders tood by cons ider ing the genera l
case of Equat ion (1), where on ly one zone is
cons idered and the k-coefficient is set to 1. Z can
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Table 2. k-coefficients presently available for several crops and cropping practices.
Zone 1 2 3 4 5 6
Stages B r o m e grass
Dorman t season 0.50 0.20 0.10 0.04 0.02 0.01
Grow ing season 0.55 0.19 0.17 0.08 0.03 0.01
Al fa l fa
SS-FC 0.50 0.20 0.15 0.12 0.08 0.05
FC-1st 0.50 0.25 0.23 0.22 0.15 0.10
1st-FC 0.50 0.22 0.18 0.15 0.15 0.10
FC-2nd 0.50 0.25 0.25 0.20 0.18 0.12
2nd-FC 0.45 0.25 0.20 0.20 0.20 0.15
Smal l g ra in a / co rn
P-E or Stages
R-Pb 0.40 0.15 0.12 0.10 0.02 0.01 P-E
E-J 0.40 0.20 0.13 0.12 0.03 0.02 E-T
J-H 0.40 0.25 0.15 0.12 0.10 0.03 T-Si
H-S 0.40 0.30 0.20 0.15 0.10 0.05 Si-Ee
S-R 0.40 0.30 0.20 0.15 0.07 0.03 Ee-H
S y m b o l s used to def ine stages
Smal l g ra in Corn Alfa l fa
P p lant ing T tassel ing SS s ta r t -g rowing season
E emergence Si s i lk ing FC fu l l cover
J jo in t ing Ee ear emergence 1st f i rst cut
H heading 2nd second cut
S soft d o u g h
R r ipen ing
a. Wheat , bar ley, mi l let .
b. Fal low or bare soi l .
The correct value of Z is selected from the 100
possible values in the appropriate Z-table by using
the percent available water to define a subscript or
index ( I z ) .
Z = Z-table ( l z)
where l z = ( S ' j / S j ) 1 0 0
on the soi l t ype , bu t also on whe the r an
act ive roo t sys tem is present or i f t h e soi l is
fa l low. There fo re in s imu la t ing t h e so i l -
mo is tu re d is t r ibu t ion in a c rop- fa l low rota-
t i on , one tab le (e.g. Z-TableG) can be used in
c ropped years and ano ther tab le (e.g.
Z-Table D) can be used in f a l l o w years.
Brief descr ip t ions of the Z-tables avai lable (A
to H) and s o m e guide l ines fo r the i r select ion
and use are avai lable e lsewhere (Baier et al .
1972).
S o i l - M o i s t u r e R e c h a r g e
In the VB, recharge of soi l wa ter is ent i re ly t he
result of prec ip i ta t ion, e i ther as rain or snowfa l l .
Since there is no a l lowance made fo r mo is tu re
conduc t ion between zones, prec ip i ta t ion must
be par t i t ioned ou t to the six zones, just as AE
was par t i t ioned ou t to account f o r water loss
f r o m each zone. The factors cons idered in
recharg ing soi l mo is tu re are ra infa l l , snowme l t ,
surface runof f , in f i l t ra t ion, subsurface dra inage,
and the percent soi l mo is tu re on day i - 1 .
R u n o f f a n d In f i l t r a t ion
To account for water recharge t h rough ra infa l l ,
a s imp l i f i ed re lat ionship between soi l mo is tu re
in the top zone, dai ly prec ip i ta t ion to ta l , and
runof f is inc luded in the VB. On days w i t h
P<1 1.00 inch, the to ta l a m o u n t of prec ip i ta t ion is
considered to inf i l t rate into the soi l . On days
w i t h P>1.00 inch, in f i l t ra t ion (Infl) into t he soi l is
less than the dai ly ra infa l l , s ince i t is l im i ted by
the mo is tu re present in t he t o p zone of so i l , and
is compu ted as f o l l o w s :
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Infl i = 0.9177 +1 .811 log R R i - 0.97 [S j '
( i - D / S j ] l o g RR i (4)
w h e r e
RRi = rainfal l on day i 
S ' j ( i - 1 ) = soi l mo is tu re in t he j th zone on
day i - 1
S j = ava i lab lewate rcapac i t y of the j th
zone
= 1 
The remainder of the dai ly rainfal l is assumed to
be lost as runoff . Equat ion (4) was taken f r o m
Linsley, et al . (1949).
Values fo r Z j are then subst i tu ted into Equat ion
(1), based on t he percent avai lable water in each
zone (j).
The p r o g r a m can faci l i tate t w o Z-tables at
once. This feature can be used in t w o w a y s :
a. In heterogeneous soi ls hav ing t w o d is t inc t
tex tura l hor izons, one Z-table can be appl ied
to the upper zones and the second to the
lower zones. If a h o m o g e n e o u s soi l is as-
s u m e d , one Z-table is used t h r o u g h o u t all six
zones.
b. Cont inued exper imenta t ion has s h o w n that
the re lat ionships in F igure 2 depend not on ly
Figure 2. Various proposals for the relation-
ships between AE:PE ratio and av-
ailable soil moisture (after Baier and 
Robertson 1966). 
then be expressed as a func t ion of the AE : PE
rat io as f o l l o w s :
(3)
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Table 3. Z-tables used in the VB accounting for different moisture-release characteristics.
A TABLE
99.99 50.00 33.00 25.00 20.00 16.66 14.28 12.50 11.11 10.00
9.09 8.33 7.69 7.14 6.67 6.25 5.88 5.56 5.26 5.00
4.76 4.55 4.35 4.17 4.00 3.85 3.70 3.57 3.45 3.33
3.23 3.13 3.30 2.94 2.86 2.78 2.70 2.63 2.56 2.50
2.44 2.38 2.33 2.27 2.22 2.17 2.13 2.08 2.04 2.00
1.96 1.92 1.89 1.85 1.82 1.79 1.75 1.72 1.69 1.67
1.64 1.61 1.59 1.56 1.54 1.52 1.49 1.47 1.45 1.43
1.41 1.39 1.37 1.35 1.33 1.32 1.30 1.28 1.27 1.25
1.23 1.22 1.20 1.19 1.18 1.16 1.15 1.14 1.12 1.11
1.10 1.09 1.08 1.06 1.05
B
1.04
TABLE
1.03 1.02 1.01 1.00
10.00 10.00 8.33 7.50 7.40 7.16 7.00 6.87 6.44 6.00
5.81 5.58 5.38 5.21 5.00 4.75 4.52 4.33 4.16 4.00
3.86 3.73 3.60 3.50 3.40 3.31 3.22 3.14 3.07 2.97
2.90 2.81 2.76 2.68 2.63 2.55 2.49 2.44 2.38 2.33
2.26 2.24 2.18 2.13 2.11 2.06 2.02 1.97 1.94 1.92
1.88 1.85 1.81 1.78 1.76 1.73 1.70 1.67 1.66 1.63
1.60 1.58 1.56 1.53 1.52 1.50 1.47 1.46 1.43 1.41
1.40 1.38 1.36 1.35 1.33 1.31 1.29 1.28 1.26 1.25
1.23 1.21 1.20 1.19 1.17 1.16 1.14 1.13 1.12 1.11
1.09 1.08 1.07 1.06 1.05 1.04 1.03 1.02 1.01 1.00
C TABLE
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
D TABLE
0.00 0.00 0.00 0.00 0.20 0.16 0.14 0.13 0.11 0.10
0.09 0.16 0.15 0.14 0.13 0.13 0.12 0.17 0.16 0.15
0.14 0.18 0.17 0.21 0.20 0.19 0.22 0.21 0.24 0.23
0.26 0.25 0.27 0.29 0.29 0.30 0.32 0.34 0.36 0.35
0.36 0.37 0.37 0.39 0.40 0.41 0.43 0.46 0.47 0.48
0.49 0.50 0.54 0.56 0.56 0.59 0.61 0.64 0.66 0.68
0.70 0.76 0.79 0.83 0.85 0.91 1.00 1.03 1.16 1.41
1.40 1.38 1.35 1.34 1.33 1.31 1.29 1.28 1.26 1.25
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11
1.10 1.08 1.07 1.06 1.05
E
1.04
TABLE
1.03 1.02 1.01 1.00
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
0.21 0.23 0.25 0.27 0.29 0.31 0.32 0.34 0.36 0.38
0.40 0.42 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.60
0.65 0.65 0.70 0.71 0.74 0.78 0.81 0.91 1.05 1.25
...................................................
Continued
93
The par t i t ion ing of in f i l t rated water to each
zone is s imu la ted by the f unc t i on :
(5)
l n f l i j = n e w in f i l t ra t ion into each zone of soi l
b = in f i l t ra t ion coef f ic ient rang ing f r o m 0 
to 1 and m o d i f y i n g the f rac t ion of
wa te r in f i l t ra t ing to the next zone. For
b = 0: wa te r con ten t of each zone
mus t reach f ie ld capacity before the
rema in ing water inf i l t rates in to the
next zone. For b = 1: a f ract ion of the
in f i l t ra t ion water pe rco la tes to the next
zone before f ie ld capaci ty is reached,
depend ing on the mo is tu re content o f
t he upper zone(s).
This in f i l t ra t ion equat ion is appl ied on ly w h e n
the rat io of soi l mo is tu re to capaci ty in any zone
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Table 3. Continued
1.34 1.43 1.63 1.82 2.00 2.00 2.00 2.00 2.00 2.00
1.96 1.92 1.89 1.85 1.82 1.79 1.75 1.72 1.69 1.67
1.64 1.61 1.59 1.56 1.54 1.52 1.49 1.47 1.45 1.43
1.41 1.39 1.37 1.35 1.33 1.32 1.30 1.28 1.27 1.25
1.23 1.22 1.20 1.19 1.18 1.16 1.15 1.14 1.12 1.11
1.10 1.09 1.08 1.06 1.05
F
1.04
TABLE
1.03 1.02 1.01 1.00
1.00 0.75 0.66 0.50 0.60 0.66 0.85 1.12 1.44 1.66
1.82 2.33 2.69 3.00 3.33 3.43 3.70 3.89 4.00 4.00
4.00 4.00 4.00 3.91 3.80 3.69 3.59 3.50 3.41 3.33
3.20 3.10 3.00 3.92 2.85 2.77 2.69 2.60 2.55 2.50
2.45 2.37 2.30 2.26 2.22 2.16 2.10 2.07 2.04 2.00
1.95 1.90 1.86 1.83 1.80 1.77 1.75 1.72 1.69 1.66
1.63 1.60 1.58 1.56 1.53 1.51 1.49 1.47 1.45 1.42
1.40 1.38 1.36 1.34 1.32 1.30 1.28 1.27 1.26 1.25
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11
1.10 1.09 1.08 1.06 1.05
G
1.04
TABLE
1.03 1.02 1.01 1.00
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43
1.40 1.38 1.35 1.34 1.33 1.31 1.29 1.28 1.26 1.25
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11
1.10 1.08 1.07 1.06 1.05
H
1.04
TABLE
1.03 1.02 1.01 1.00
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
1.96 1.92 1.88 1.85 1.81 1.78 1.75 1.72 1.69 1.67
1.64 1.61 1.59 1.56 1.53 1.52 1.49 1.47 1.45 1.43
1.40 1.38 1.35 1.34 1.33 1.31 1.29 1.28 1.26 1.25
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11
1.10 1.08 1.07 1.06 1.05 1.04 1.03 1.02 1.01 1.00
I n f l i j = [ 1 - ( ( S ' j ( i - 1 ) / S j ) b ] in f l j
is less than 0.9. The a m o u n t of wa te r tha t can
inf i l t rate in to and remain in each zone cannot
exceed the def ic i t (DEF) f o r t h a t zone (j) and day
(i). The def ic i t is g iven by :
DEFji = S j - S ' j (i - 1) - AEji. (6)
A lso , the a m o u n t o f water that can be budge ted
to the j th zone can never exceed the amoun t
rema in ing f r o m the tota l water inf i l t rated after
water has been budgeted to zones 1 to j - 1. If,
after all zones have been recharged, there is sti l l
in f i l t ra t ion water rema in ing , then th is water is
assumed to be lost to p lant roots because of
subsur face dra inage. Th is means that the inf i l -
t ra t ion is d is t r ibu ted over the zones as a func-
t i on of:
a. a m o u n t of in f i l t ra t ion
b. relat ive mo is tu re content in each zone as
de te rm ined by
c. b, an empi r ica l coeff ic ient w h i c h has been
evaluated for a n u m b e r of pra i r ie soi ls.
It w i l l be noted that fo r b = 1.0 and a mo is tu re
content of 50% of .capacity, on ly half of the
inf i l t ra t ion amoun t is reta ined in th is zone,
whereas the other half is d is t r ibu ted over the
lower zones as a func t i on of thei r mo is tu re
contents. This feature of the in f i l t ra t ion equa-
t i on is par t icu lar ly useful in heavy- textured
soils. Compar isons w i th observed so i l -mo is tu re
data have s h o w n that b = 1 in Solonetz soi l at
Vegrevi l le and in Haverhi l l c lay loam at Sw i f t
Current , whereas b = 0 in Ma th i l de loam at
Ot tawa.
S n o w b u d g e t
In s o m e appl icat ions in tempera te c l imates i t is
necessary to calculate a da i ly so i l -mo is tu re
content t h r o u g h o u t the year, par t icu lar ly w h e n
a reasonable so i l -mo is tu re est imate is requi red
in spr ing as a star t ing po in t for water budget ing
dur ing the g r o w i n g season. In c l imates where
s n o w occurs, the s n o w is an impor tan t s torage
te rm in the hydro log ic cycle. Thus, a s imp le
snow budget for c o m p u t i n g the a m o u n t o f
water penet ra t ing the soi l f r o m snow is avai l -
able. I f t he snow budge t is no t requ i red , each
s n o w coeff ic ient is set to 1.0 and each tempera -
tu re th resho ld is set to 0.0.
V e r i f i c a t i o n o f t h e V B m o d e l
Since deve lopmen t of the VB and its f i rst pub l i -
cat ion (Baier and Robertson 1966), t he mode l
has been tested extensive ly against so i l -
mo is tu re observat ions at Swi f t Current , Sas-
ka tchewan, Canada (Fig. 3) and has also been
ver i f ied in a number of appl icat ions by other
researchers. A brief rev iew of these studies is
avai lable e lsewhere (Baier et a l . 1978).
In one test, data f r o m a 2-year whea t / f a l l ow
crop ro ta t ion on a clay loam soi l a tSw i f t Current
we re used f r o m 1970 to 1974 (Fig. 3). Three-
t imes repl icated measurements f r o m f ive
depths were taken be tween seven and ten t imes
f r o m p lant ing to harvest each year. These re-
sults s h o w very g o o d agreement fo r both c rop
and fa l l ow f ie lds in 1971 and 1972, wh i l e all
other years are encourag ing ly close. These
results we re summar ized in more detai l by
Baier et al. (1976).
One ver i f ica t ion wh ich wel l i l lustrates the
per fo rmance of the VB is s h o w n is Figure 4, in
w h i c h the mode l was appl ied to w in te r -whea t
f ie lds at Manha t tan , Kansas fo r 1972-73. ' The
so i l -mois ture est imates w e r e in g o o d agree-
ment w i t h observat ions, and y ie ld est imates
based on VB values w e r e repor ted to have
agreed wel l w i t h observed y ie lds.
The f inal ver i f icat ion descr ibed here was pro-
v ided by Baier (1972) us ing another indepen-
dent set of observed so i l -mo is tu re data f r o m
1937 to 1957. The results (Fig. 5) s h o w observed
and es t imated so i l -mois ture reserves in sp r ing
at p lant ing t i m e under s tubb le and fa l l ow lands,
in a 2-year ro ta t ion sys tem. In th is case, the
author was conduc t ing an economic analysis of
the advantages in water conservat ion of a 
2-year c rop- fa l low ro ta t ion , as compared to
con t inuous c ropp ing .
A p p l i c a t i o n s o f t h e V B
The VB has f o u n d a w i d e range of appl icat ions
f r o m operat ional rea l - t ime mon i to r i ng o f mo is -
1. A. M. Feyerherm, 3 June 1975, Kansas State Univ. ,
Stat ist ical Laboratory , Calvin Hall 19, Manha t tan ,
KA 66506, USA.
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Figure 3. Observed and estimated soil-moisture contents vs the development stage of wheat on 
clay loam soils at Swift Current, Saskatchewan. 
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t u re reserves on the western Canadian prai r ies
to probabi l i ty -analys is studies fo r p lann ing
fa rm ing operat ions. The VB has f o r m e d the
basis of many crop-y ie ld studies, several of
wh i ch have already been discussed in t e rms of
v e r i f i c a t i o n . W h e t h e r a h i g h l y de ta i l ed
physical ly-based s imu la t ion or a regress ion-
analysis approach is used, crop g r o w t h and
yie lds can be m o r e easily corre lated w i t h de-
r ived var iables of actual evapot ransp i ra t ion
(AE) and soi l mo is tu re (SM) than w i th the
pr imary c o m p o n e n t s of c l imate , such as t e m -
perature, prec ip i ta t ion, and rad ia t ion (Q). Figure
6 i l lustrates such a scheme of der ived ag-
rometeoro log ica l data, used by Baier (1973) to
def ine a three-var iab le regress ion m o d e l fo r
whea t y ie ld .
The VB is the basis of a so i l -mo is tu re evalu-
at ion pro ject (SMEP) for Canadian prair ies, in
wh ich t he avai lab le soi l wa ter is m o n i t o r e d on a 
real - t ime basis t h r o u g h o u t the g r o w i n g season.
Weekly maps of so i l -mo is tu re reserves have
been generated fo r f ou r avai lable wa te r
capacit ies and under both fa l l ow and wheat
crop condi t ions. The project is in its th i rd year
and has so far been we l l received by many
agencies, inc lud ing the Canadian Whea t Board.
App l ica t ion of the VB to t ractabi l i ty studies
promises to be a va luab le con t r ibu t ion to f a r m
planners, part icular ly in the area of f a r m -
mach inery select ion. The ma in cr i ter ia f o r
select ing t i l lage and seeding equ ipmen t is the
t ime ly comp le t i on of p lan t ing in spr ing. An
unders tand ing of the restr ict ions on spr ing
w o r k t i m e due to c l imate can be o f ma jo r
impor tance to agr icu l ture extens ion agents
w o r k i n g d i rect ly w i t h fa rmers and to research-
ers d o i n g de ta i l ed e c o n o m i c - s i m u l a t i o n
studies. T w o studies o f spr ing f ie ld -workday
probabi l i t ies invo lv ing the VB have recent ly
been comp le ted by Agr icu l tu re Canada — one
for the At lant ic provinces (Baier et al. 1978) and
one for selected si tes across Canada (Dyer et a l . ,
1978).
Not all of the present appl icat ions have been
discussed here, just as not all the possib le
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Figure 4. Estimated and observed soil-moisture contents at Manhattan, in a field of winter wheat, 
Kansas, 1972-1973 
Figure 5. Observed and estimated available spring soil moisture in wheat stubble and wheat 
fallow lands at Swift Current, Saskatchewan, Canada. Parallel horizontal lines are mean 
values.
fu tu re uses can be ant ic ipated at th is t ime .
However , t he examples chosen do i l lustrate the
versat i l i ty of the budget .
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The Water Balance
and Frequency Period of Vegetation
P. Franquin*
Summary
The ORBVCR water-balance model of ORSTOM adapted to the arid regions is presented. 
The model uses rainfall, potential evapotranspiration, and soil-moisture storage 
capacity as the inputs. It utilizes Eagleman's relationships to calculate actual evapot-
ranspiration. The precipitation exceeding maximum soil moisture storage capacity is 
considered as runoff or drainage. Two simulations of annual and seasonal water balance 
outputs for Ouagadougou on 10-day basis in a soil assumed to store 100 mm water in the 
root profile are presented. The use of AEmaxIPE ratios (K factor in the model) for arriving 
at indices of crop moisture adequacy/stress in a stochastic model are discussed. 
A W a t e r - B a l a n c e M o d e l
Rainfal l is a lways erratic, even in h u m i d re-
g ions. A n d even in ar id regions an excess of
water can be jus t as d a m a g i n g to a c rop as a 
def ic i t , par t icu lar ly in the pract ice of supp le-
menta l i r r igat ion. A water -ba lance mode l
shou ld be stochast ic to account f o r the unpre-
d ic table nature of water resources. But a 
stochast ic sys tem w o u l d be poor ly su i ted to 5-,
7-, or 10-day intervals, as the f requency d is t r ibu-
t ions of rainfal l are not independent fo r such
shor t t i m e intervals (a con t inu i ty effect is pro-
duced). A n d , moreover , to haphazardly gener-
ate rains on the basis of 73, 52, or 36 f requency
d is t r ibu t ions (over an ent i re year) — to over-
c o m e the cont inu i ty effect — w o u l d invo lve
considerable effort .
If a water -ba lance p r o g r a m is to be of any real
use, i t shou ld be as s imp le as possible. Th is
w o u l d be t he case w i t h a determin is t ic m o d e l ,
w h i c h has the same uses as a stochast ic m o d e l ,
p rov ided the rainfal l sample is suf f ic ient ly large.
In th is case, the stat ist ical analysis is carr ied out
on the ou tpu t instead o f the input .
This is h o w ORBVCR, the ORSTOM water-
balance mode l sui ted to ar id reg ions, was con-
* D i rec to r , Cen t ra l Sc ien t i f i c Se rv i ce ,
Bondy , France.
O R S T O M ,
N o t e : Th is paper is an ed i ted t rans la t ion o f t h e
or ig ina l French tex t , w h i c h appears in Appen -
d i x 1.
ceived. In these areas, the c rop season begins
on a soi l w h o s e prof i le has been m o r e or less
tho rough l y dr ied out before the onset o f the
rains and wi l l be receiv ing water progress ive ly
towards the lower hor izons. To s imu la te this
rewet t ing process, the soi l is usual ly d iv ided
into layers that f i l l up rapid ly — a procedure
that is also very compl i ca ted . Compared to th is
t ype of m o d e l , the on ly or ig ina l i ty of ORBVCR is
tha t i t uses an ex t remely s imp le sys tem for
s imu la t ing the progress ive rewet t ing process.
ORBVCR uses Eagleman's (1971) f o r m u l a to
calculate actual evapot ransp i ra t ion (AE). De-
s igned fo r a relat ively h igh level of t echno logy
in agr icu l ture , the system predicts runof f on ly
fo r the amoun t o f heavy rainfal l exceeding
m a x i m u m wate r -ho ld ing capacity (K). I t also
enables t he water -ba lance compu ta t i on to be
started on a f ixed date or f r o m a 5-, 7-, or 10-day
per iod w i t h a g iven rainfal l t o t a l ; th is may or
may not inc lude t he amou n t of water present a t
the beg inn ing . On f i xed dates, supp lementa l
i r r igat ion may be added to rainfal l . The sys tem
is p rov ided w i t h con t ro l parameters so that i t
can be adjusted to observat ions of var ia t ions in
soi l mo is tu re .
T h e G r o w i n g P e r i o d
The water -ba lance mode l is d i f f icu l t to use
because i t p rov ides e laborate and special ized
in fo rma t i on w h o s e appl icabi l i ty i s m o r e l im i ted
than tha t o f e lementary i n fo rmat ion . In regard
to s imp le rainfal l levels, all hydro log ica l p rob -
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lems in agr icu l ture w i l l be encountered , at least
ini t ia l ly. On the other hand , a water -ba lance
p rog ram establ ished fo r a cul t ivar w i t h a def i -
n i te g r o w t h per iod p lanted at a specif ic t i m e on
a soi l w i t h g iven hydro log ica l character ist ics
w i l l necessar i ly have a nar rower app l icat ion.
Nevertheless the re is one so lu t ion tha t ena-
bles us to general ize the results f r o m a s imu-
lat ion of balances establ ished fo r a suf f ic ient ly
long per iod of years, to all crops, soi ls, and
c ropp ing operat ions of a reg ion covered by the
same meteoro log ica l s ta t ion. Th is so lu t ion is
based on the concept o f the " g r o w i n g pe r i od . "
This concept has the advantage of reduc ing
the crop-weather re lat ionship to a s ing le c o m -
prehens ive express ion, w h i c h avoids d i f f icu l -
t ies ar is ing f r o m mu l t i p le probabi l i t ies . The
" g r o w i n g p e r i o d " i s the mos t comprehens ive
expression because i t integrates all the factors
invo lved in the p roduc t ion process. However ,
a l though th is concept integrates these factors in
a con t inuous fash ion , its stat ist ical analyses can
only be d iscont inuous, focus ing only a number
of specif ic events.
A n y c l imat ic or pheno log ica l event is impor -
tant for de l ineat ing the g r o w i n g per iod in the
annual cycle that meets the ob ject ive of a study.
Consequent ly , there can be at the s a m e t i m e as
many d i f ferent g r o w i n g per iods as there are
specif ic projects. Nevertheless, i t is poss ib le to
general ize th is rat ional concept by cons ider ing
cl imat ic events tha t are va l id for all cases; for
example , the po in ts whe re the potent ia l evapo-
t ransp i ra t ion (PE) and rainfal l (R) curves meet
(Fig. 1). But above al l , by express ing the concept
in f requencies, it is possib le to establ ish a risk
level fo r any specif ic p rob lem.
Probabi l i t ies in t h e g r o w i n g per iod are s h o w n
by a sys tem of coord inates whe re the x axis is
t i m e and t he y axis the scale of relat ive f requen-
cies. In th is system the var iab i l i ty of each
specif ic event character iz ing the g r o w i n g
per iod can be s h o w n (Fig. 2A) :
• by a h i s tog ram f r e q u e n c i e s — a t 10-day
intervals, for examp le ,
• by a po l ygon of relat ive f requenc ies or a 
s i gmo id curve of g loba l probabi l i t ies i f t he
samp le is large enough to be representa-
t ive o f the genera l popu la t ion .
Thus the g r o w i n g per iod is marked off by
f requency d is t r ibu t ions (h is tograms and s ig -
mo id curves) ; these taken in t w o s — succes-
Figure 1. A generalized relationship between 
rainfall and potential evapotranspi-
ration. (Letters in parentheses are 
for the English text) 
sively or o therw ise — de te rmine the per iods
and subper iods. For example , tak ing events B 
(beginning) and E (end) of the per iod under
study, s i gmo id curve B g ives the probabi l i ty of
its hav ing already begun at any g iven date ; and
s igmo id curve E, the probabi l i ty of its hav ing
already ended. But w h a t interests us is t he
probabi l i ty of i t be ing sti l l o p e n ; th is w i l l be
g iven by symmet r i c s igmo id curve E (Fig. 2A).
Symmet r i c s igmo id curves I (Fig. 2B) can also
be const ructed fo r in termediary events.
The advantage of th is geometr ica l mode l lies
in its in tegra t ion of the var iabi l i ty in the occur-
rence and dura t ion of the g r o w i n g per iod as
establ ished by the size and shape of the area
bounded by the t w o s igmo id curves. First, i t
g ives a " v i e w " of all t he possib le g r o w i n g
per iods w i t h — if t he events are ei ther indepen-
dent or have l i t t le corre la t ion — the c o m p o u n d
probabi l i ty (product o f t w o e lementary p rob-
abil i t ies) that the g r o w i n g per iod w o u l d be
ongo ing be tween any t w o dates. Th is const i -
tu tes the stat ist ical f r a m e w o r k fo r all operat ions
of t he c ropp ing calendar and the i r chances of
success. The abi l i ty of a crop or cu l t ivar to adapt
to t he cond i t ions t hus represented in re lat ion to
t h e t i m i n g of its cycle that of fers t h e best
probab i l i t y is also s h o w n by the size and shape
of the area be tween the t w o s i gmo id curves.
Finally if, as in t rop ica l reg ions, t he m o d e l has
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Figure 2A and B. Histograms showing the time and duration of a growing period. (Matter in 
parentheses is for the English text.) 
been const ruc ted in t e rms of the probab i l i t y of
rainfal l exceed ing PE (or PE/AE), the size of the
area (wh ich can be fu r ther we igh ted by a rad i -
at ion factor o f pho tosyn the t ic p roduct ion) w i l l
show the d ry -mat te r p roduc t ion capaci ty : th is
w i l l be a re lat ive c l imat ic index of p roduct iv i ty .
W a t e r - B a l a n c e a n d t h e G r o w i n g
P e r i o d
This mode l can be cons t ruc ted , in t e rms of
water or energy, based ent i re ly on e lementary
data such as rainfal l or t empera tu re levels or on
m o r e comp le te i n fo rma t i on such as RIPE va l -
ues, or on very e laborate i n fo rma t ion such as
the results of the s imu la t i on of wa te r balances.
As the water -ba lance mode l requi res t he def in i -
t i on of K ( m a x i m u m plant-ut i l izable avai lab le
soi l water) soi l character ist ics de te rm in ing the
va lue of K fo r a c rop may be inc luded in the
mode l to a certain extent. The mode l can be
const ruc ted for a g iven K once the balance
mode l is adjusted to observed var ia t ions in soi l
mo is tu re . But fo r w ide r app l i ca t ion , i t can also
be const ructed on the basis of several K values
(for example , 50, 100, and 200 m m ) , so that the
results can be in terpo la ted fo r in te rmed iary
values of K (for examp le 80 or 130 m m ) .
Table 1 g ives an examp le of s imu la t i on of the
w a t e r - b a l a n c e p r o g r a m f o r 1973 a t
Ouagadougou w i t h a K of 100 m m . W i th such
s imu la t ions fo r a suf f ic ient ly long per iod (at
least 30 years), i t is possib le, depend ing on the
requ i rements , to const ruc t f requent ia l mode ls
in t e rms of AE (actual evapot ransp i ra t ion) ,
PE-AE or Ep-AE (water def ic i t of a crop), SM (soil
mo is ture) , etc. But the AE/PE rat io (relat ive
evapot ranspi ra t ion) is of par t icu lar interest be-
cause i t is an ind icat ion of water avai labi l i ty tha t
l inear ly in f luences dry -mat te r p roduc t ion .
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M a r s
( M a r c h )
A v r i l
( A p r i l ) 
M a i
( M a y )
J u i n
( J u n e )
J u i l l e t
( J u l y )
A o u t
( A u g u s t )
S e p t e m b r e
( S e p t e m -
ber)
O c t o b r e
( O c t o -
ber)
N o v e m b r e
( N o v e m b e r )
1.00
0 . 8 0
0 . 6 0
0 . 4 0
0 . 2 0
0 . 0 0
D ( B )
G r a p h i q u e A ( F i g u r e A)
F ( E )
1.00
0 . 8 0
0 . 6 0
0 . 4 0
0 . 2 0
0 . 0 0
D ( B )
G r a p h i q u e B ( F i g u r e B)
F ( E )
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Figure 3. The probable length of the subhumid (ETRIETP>0.50) and humid periods (ETRI 
ETP>0.90) in three soils at Ouagadougou, Upper Volta from 1921 to 1973. (Matter in 
parentheses is for the English text.) 
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PERIODE FREQUENTIELLE DE VEGETATION
(Growing Period)
L i e u Ouagadougou
P a y s H a u t e - V o l t a
Pe r i ode 1 9 2 1 - 1 9 7 3 (50 Arts)
L a t i t u d e 1 2 ° 2 0 N
L o n g i t u d e 1°30W
A l t i t u d e 303 m 
A v r i l
( A p r i l )
Mai
(May)
J u i n
(June)
J u i l l e t
( Ju l y )
Aout
(Augus t )
Septembre
(September)
Oc tobre
(October)
Novembre
(November)
P robab i l i t e ' ( P r o b a b i l i t y )
1.00
0 . 8 0
0 . 6 0
0 . 4 0
0 . 2 0
0 . 0 0
P e r i o d e S u b h u m i d e
E T R / E T P > 0 . 5 0
( P a r t i a l l y w e t p e r i o d A E / P E > 0 . 5 0 )
50 100 200 mm
1 5 10 14 25 36 43 48 49 50 50 48 41 21 8 2 1 
50 49 47 28 7 4 
50 48 41 14 5 1 
P r o b a b i l i t e ( P r o b a b i l i t y )
1.00
0 . 8 0
0 . 6 0
0 . 4 0
0 . 2 0
0 . 0 0
P e r i o d H u m i d e
E T R / E T P > 0 . 9 0
(Wet p e r i o d A E / P E > 0 . 9 0 )
5 15 2 2 43 47 49 50
50 49 45 36 23 7 1 
50 45 37 16 2 1 1 
50 47 35 17 5 2 
General ly , f o r annual crops (Gramineae,
g roundnu t , cotton) on ly t w o levels o f the AE/PE
are cons idered. One is about 0.50 because th is
cor responds to the m i n i m u m cond i t ions re-
qu i red fo r ensur ing c rop estab l ishment (ge rmi -
na t ion , emergence, seedl ing stage) and m a t u -
rat ion. The other, abou t 1.00, cor responds to
cond i t ions requi red for seed deve lopment . Fi-
gure 3 is a f requent ia l mode l of the g r o w i n g
per iod constructed fo r O u a g a d o u g o u :
• based on the probab i l i t y of exceeding 0.50
(AE/PE). The beg inn ing and end ing s ig -
m o i d s g ive in f requencies w h a t can be
cal led a sem i -humid per iod fo r K: values of
50, 100, and 200, m m .
• for the probabi l i ty of exceeding 0.90 (AE/
PE). The s igmo ids g ive the f requenc ies fo r
w h a t can be cal led the h u m i d per iod f o r t h e
s a m e values of K.
Between the end ing s igmo ids (the beg inn ing
s igmo ids are pract ical ly the same regardless of
the K), o ther s igmo ids cor respond ing to inter-
med ia ry K values can be in terpolated.
For annual or perennia l crops g r o w n not f o r
gra in bu t fo r fodder , wh i ch is the d i rect p roduc t
of d ry -mat te r ou tput , a larger number of AE/PE
levels can be considered — 0.20, 0.40, 0.60,
0.80, 1.00, 1.20, etc.
Because th is is a stat ist ical mode l and it is
there fore possib le to f ix c l imat ic risk levels
a c c o r d i n g t o p a r t i c u l a r p r o b l e m s , t h i s
g r o w i n g per iod mode l can be general ized to
cover all crops, c ropp ing operat ions, and soi ls
of a region served by the same meteoro log ica l
stat ion.
R e f e r e n c e s
E A G L E M A N , J . R. 1971. An exper imenta l l y der ived
mode l f o r actual evapot ransp i ra t ion . Agr icu l tu ra l
Me teo ro logy 8 : 3 8 3 - 3 9 4 .
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Water Requirements and Adaptations
to the Rainy Season of Millet in Senegal
C. Dancette*
Summary
The water requirement of millet (Pennisetum typho ides) was measured at CNRA 
(National Agricultural Research Center) in Bambey, Senegal, between 1973 and 1977. 
Varieties of 75-, 90-, and 120-day duration were tested. On the whole, water requirements 
are in direct proportion to the length of the growing period. It is not at all as simple to 
calculate grain and straw yields, especially the amount of water required to produce 1 kg 
of dry matter is considered. The results were interpreted with a view towards water 
economy and adaptation to marginal rainfall conditions. This paper is not restricted to a 
report of the results obtained, but attempts to generalize them for the whole of Senegal 
by characterizing the evaporative demand (particularly the north-south gradient). 
The water supply was studied not only under optimum conditions (with supplemental 
irrigation for measuring optimum water requirements, MET, but also under conditions 
of limited water supply; figures showing the effects of water stress on grain and straw 
yields are given whenever possible, depending on whenever rainfall conditions and the 
varieties permitted. Some descriptions of the work are given for practical use of the data 
at the research and development level. 
Pearl m i l le t (Pennisetum typhoides) is a staple
food in Senega l , i t is es t imated tha t in t heSere re
reg ion an average of 400 g of m i l l e t per day is
needed per person (Bilquez 1975). Cul t ivated on
m o r e than 600 000 ha, m i l l e t g ives very poor
y ie lds (average 520 kg/ha), whereas g r o u n d n u t
y ie lds can easily exceed 1000 kg pods/ha or
about 730 kg kernels/ha.
A l t h o u g h the incent ive to g r o w mi l le t i n
subsistence f a rm ing is h igh , commerc ia l l y i t
does not pay at present (36 CFA f rancs or
$0.17/kg gra in fo r mi l le t compared to 42 CFA
francs S0.20/kg fo r h igher -y ie ld ing g r o u n d n u t
on t he off icial market in 1977). Yet i t is st i l l in the
farmer 's i n te res t to i m p r o v e mi l le t y ie lds , e i ther
to ensure sel f-suff ic iency in f o o d , or to devo te
la rger a reas t o m o r e p r o f i t a b l e c r o p s
(g roundnu t , co t ton , cowpea , etc.). A su i tab le
pr ice po l icy and i m p r o v e m e n t o f mi l le t p roduc-
* Ingenieur A g r o n o m e IRAT w i t h ISRA, Centre
Nat iona l de Recherches A g r o n o m i q u e s (CNRA),
Bambey , Senegal .
N o t e : Th is paper is an ed i ted t rans la t ion of a paper in
French (See A p p e n d i x 1) tha t w a s prepared fo r
A. A. A. S. A. 3 rd General Conference and 10th
Ann iversary , Ap r i l 1978, Ibadan, Niger ia .
t ion techno logy (storage, th resh ing , m i l l i ng ,
use for mak ing bread) w o u l d rapid ly c h a n g e t h e
mi l le t s i tuat ion to t he advantage o f bo th the
farmer and the state.
On a pure ly ag ronomic level , mi l le t y ie lds can
be increased t h rough research efforts in breed-
ing , c ropp ing techn iques, fer t i l izat ion, and plant
pro tec t ion.
This paper discusses the water requ i rements
of mi l le t and the rat ional adapta t ion of th is crop
to the soi l and rainfal l cond i t ions in Senegal .
Data on o p t i m u m water requ i rements , o r
maximum evapotranspiration (MET) and on the
response curve of mi l le t to water stress dur ing
the g r o w i n g per iod help us to better unders tand
mi l le t p roduc t ion . Th is enables a better cho ice
of var ie t ies, c ropp ing techn iques, etc., at the
research and ex tens ion levels.
W a t e r R e q u i r e m e n t s o f M i l l e t
( M E T ) M e a s u r e d a t C N R A ,
B a m b e y
G e n e r a l C o n d i t i o n s
Between 1973 and 1977 the wa te r requ i rements
of mi l le t w e r e measured a t CNRA, Bambey, in
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t he central zone of Senegal . Variet ies tested
w e r e of 75-, 90-, and 120-day dura t ion .
The crops w e r e g r o w n in large plots o f 196 m 2
( four repl icat ions) and under g o o d ag ronomic
cond i t ions (heavy fer t i l i zat ion, p l o w i n g , p lant
pro tec t ion t rea tments , pro tec t ion against b i rds ,
etc.). The deep so i l , local ly k n o w n as Dior, was
sandy, t rop ica l f e r rug inous , and s l igh t ly
leached.
Crop spac ing was that r e c o m m e n d e d by re-
search and extension special ists: 100 x 100 cm
fo r 90-day Souna mi l le t in 1973 and 1974;
50 x 20 cm in 1974, and 45 x 15 cm in 1975, for
the 75-day G A M dwar f m i l le t ; 90 x 90 cm in
1976 and 100 x 100 cm in 1977 for the 120-day
Sanio mi l let .
A supp lementa l i r r igat ion was g iven w i t h
sect ional angled spr ink lers; appl icat ions of
water we re mon i t o red by rain gauges instal led
just above the crop.
Water use was measured by t w o m e t h o d s :
1. In s i tu , us ing 4-m deep access tubes and
per iodic readings (usual ly weekly) of soi l
mo is tu re w i th French or Amer i can neut ron
probes p rov ided by the Internat ional
A t o m i c Energy Agency (IAEA), t h o u g h
French aid (special assistance f r o m GER-
DAT), and by the Nuclear Energy Center in
Cadarache, France. The soi l at t he start of
each c ropp ing season was dr ied out to the
greatest poss ib le depth . In 1976 and 1977,
the f lux was mon i to red by soil mo is tu re
tens iometers (IAEA aid) instal led ei ther
vert ical ly up to a depth of 150 c m , or
hor izontal ly 150 to 400 cm deep in a pit.
Measuremen t o f the wa te r balance was
faci l i tated by except ional ly poor rainfal l so
that the soi l was not we t ted to a great
depth (<250 c m , usual ly < 1 5 0 cm). Thus,
the water balance cou ld be easily cont ro l -
led by nonexcessive i r r igat ion w i t h o u t un -
checked perco la t ion or runof f (vert ical p ro-
tect ive plates a round tubes) .
2. In f ie ld lys imeters 4 m2 and 1-m deep. The
lys imeters , w h i c h we re instal led and m o n -
i tored in 1972, had been considered as a 
poss ib le a l ternat ive to the in si tu water-
balance m e t h o d in case of excessive or
even no rma l rainfal l and perco la t ion
di f f icu l t to mon i to r . But on the w h o l e , after
a t r ia l run of insta l lat ion and mon i t o r i ng ,
they d id not g i ve very d i f ferent results
f r o m the f i rst water-ba lance m e t h o d , and
after 5 years of def ic i t rainfal l it even
appears tha t we could have d ispensed
w i t h the lys imeters. But th is was not evi-
dent a t t he beg inn ing and cou ld be p roved
w r o n g by a m o r e rainy season. Access
tubes fo r neut ron probes we re instal led in
the m idd le o f the lys imeters fo r the usual
water -use measurements unt i l natural
grav i ta t ional d ra inage star ted. Actua l ly ,
lys imeters shou ld not be saturated r ight at
the start of the crop to ensure proper
dra inage and no rma l water -ba lance mea-
su remen t as i t cou ld lead to di f ferences in
me thods and therefore in p lant perfor-
mance in re lat ion to the rest of the plot .
Besides the MET m e t h o d , there was also the
AE (actual evapotranspi rat ion) me thod w i t h o u t
supp lementa l i r r igat ion whe re the level o f water
stress attained w o u l d depend on the rains. Th is
wi l l be discussed later wh i l e deal ing w i t h t he
water requ i rements of mi l let .
M a i n resul ts
We wi l l on ly g ive a s u m m a r y ; other part ia l bu t
detai led results re lat ing to shor t -dura t ion mi l le t
are g iven in another paper (Dancette 1975). The
figures indicated in Table 1 are averages of four
repl icat ions. Coeff ic ients of var ia t ion are gener-
ally less than 10% fo r overal l water use and fo r
gra in and s t rawy ie lds (seeTable 5). Grain y ie lds
are some t imes less un i f o rm than those of s t raw
because damage by bi rds cannot a lways be
comple te ly avo ided.
A n n u a l V a r i a t i o n s in G l o b a l PE
f o r t h e S a m e M i l l e t V a r i e t y
Year-to-year di f ferences in the water require-
men ts may be noted f o r t h e same var iety. Sl ight
changes may certainly occur in c ropp ing prac-
t i c e s , r a i n d i s t r i b u t i o n , i r r i g a t i o n a n d
paras i t i sm, but i t is the evaporat ive demand
that var ies mos t of all. I t is for th is reason that
the evaporat ive demand is est imated dai ly by
measur ing the potent ia l evaporat ion f r o m a f ree
water sur face in a s tandard class-A pan ( W M O
model ) and i t is related to the crop 's wa te r use
fo r cor respond ing per iods.
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Thus, the evaporat ive d e m a n d w a s measured
f r o m 1972 t h rough 1977 fo r per iods of 75, 90,
105, and 120 days cor respond ing to the g r o w i n g
per iods of the ma jo r crops. Data on the cumu l a-
t i ve totals o f pan evapora t ion in mm for these
per iods and , in parenthesis , an index of the
evaporat ive d e m a n d in re lat ion to the 1 9 7 2 -
1977 averages are g i ven in Table 2. Coeff ic ients
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Table 2. Cumulated class-A open pan evaporation (in mm) at Bambey
Year
1972-77
averagePeriod 1972 1973 1974 1975 1976 1977
550 486 477 438 489 496
75 days (1.12) (0.99) (0.98) (0.90) (1.00) (1.01) 489
631 583 564 523 560 573
90 days (1.10) (1.02) (0.99) (0.91) (0.98) (1.00) 572
722 702 695 620 648 687
105 days (1.06) (1.03) (1.02) (0.91) (0.95) (1.01) 679
811 817 809 714 744 812
120 days (1.03) (1.04) (1.03) (0.91) (0.95) (1.03) 785
Date o f f i rs t
ef fect ive 5 J u n e 2 Ju ly 12 Ju ly 7 Ju l y 13 Ju ly 7 Ju l y
rainfal l
Table 1. Main results for millet varieties of 7 5 - t o 120-day duration.
MET or wa te r
requ i rements
Yields (kg/ha)
Rainfal l Grain Rachis S t raw
Crop Year (mm) Trea tment (mm) Mo is tu re content in parentheses
Sanio mi l le t 1976 3999 Irr igated 562 2035 1426 13 950
120 days (MET) K = 0.751 (7.5%) (10.1%) (3.2%)
(Maka strain) i = 215 m m
Sanio mi l le t 1977 374 I r r igated 628 1623 1388 14 425
120 days (MET) K = 0.77 (3.5%) (4.0%) (7.5%)
(Bambey strain) i = 283 m m
Souna mi l le t III 1973 400 Irr igated 417 2690 1360 6 680
90 days (MET)
i = 68 m m
K = 0 . 7 2 (7.8%) (7.8%) (4.3%)
Souna mi l le t III 1974 492 Irr igated 416 2948 1600 5 760
90 days (MET)
i = 73 m m
K = 0 . 7 4 (5.4%) (5.4%) (5.2%)
G A M mi l le t 1974 447 Irr igated 320 2151 2165 5 943
75 days (MET)
i = 51 m m
K = 0.67 (9.0%) (9.0%) (8.4%)
G A M mi l le t 1974 510 Non i r r iga ted 327 1721 1395 5 652
75 days (excess rain) K = 0.63 (9.2%) (9.2%) (10.2%)
(cereal crop structure) AE = MET
of var ia t ion range f r o m 5% fo r 120 days to 7%
fo r 75 days.
Pan evapora t ion shou ld be taken as reference
for any compar i son . I f t he t w o 120-day Sanio
mi l le t c rops are compared in th is way , i t w i l l be
observed that the water requ i rements we re :
in 1976, 562 mm fo r 774 mm of pan evapora-
t i on w i t h a 0.95 index
in 1977, 628 mm fo r 812 mm of pan evapora-
t ion w i t h a 1.03 index
However , t he seasonal coeff ic ient K = MET/
Ep was c lose to 0.75 in 1976 and 0.77 in 1977. By
relat ing th is to the average evaporat ive d e m a n d
(1972-1977) and to the index 1.00, we f i nd the
water requ i rements to be :
The results are qu i te s imi lar w i t h d i f ferences
tha t are we l l be low any poss ib le exper imenta l
e r r o r s — w a t e r r e q u i r e m e n t s m e a s u r e d
rough ly a t ± 8% w h e n m a x i m u m precaut ions
are taken.
A l t h o u g h year- to-year var ia t ions in evapora-
t ive d e m a n d are of th is order and even less, i t is
not an adequate reason fo r no t tak ing i t into
cons idera t ion wheneve r possib le. Thus , the
seasonal wa te r requ i rement can be assessed by
relat ing i t to the average evaporat ive d e m a n d
(1972-1977) :
• 120-day Sanio mi l le t : average of 592 and
610 m m , about 600 m m .
• 90-day Souna mi l le t : average of 4.17/
1.02 = 409 and 416/0.99 = 420, abou t 415
m m .
• 75-day dwar f m i l le t : The dev ia t ions are
s l ight ly greater, as plant mater ia l had been
changed be tween 1974 and 1975 and a 
compos i te w i t h s l ight ly d i f ferent architec-
tu re (cereal type) was adop ted .
Nevertheless, the average of 320/0.98 = 327
and 327/0.90 = 363, 345 mm may be used.
S imi la r ly , t he ex t remes can be character ized
accord ing t o t h e h ighest and lowes t evaporat ive
demands recorded over the last 6 years. The
f igures s h o w n in Tab le 3 w i l l be reta ined unt i l a 
longer observa t ion per iod is avai lable. Th is is
also s h o w n in graphic f o r m in Figure 1.
Figure 1. Variations in global water re-
quirements of millet according to 
the growing period and evapora-
tive demand at CNRA, Bambey, 
Senegal.
V a r i a t i o n s i n M E T o f M i l l e t
a n d in C r o p Fac tors , K , t h r o u g h o u t
t h e S a m e C r o p D u r a t i o n
The evaporat ive d e m a n d var ies t h r o u g h o u t the
rainy season: very h igh at the beg inn ing (pan
evaporat ion up to 8 mm/day in J u n e at Bam-
bey), i t t hen decreases once t he rains set in and
sur round ing h u m i d i t y increases ( 4 - 4 . 5 mm/day
in Sept.) ; and rises again w i t h t he w i t hd rawa l o f
the rains ( 7 - 8 mm in Oct.). A b n o r m a l d rough ts
dur ing the rainy season may cause i t to f luc-
tua te abrupt ly .
Water requ i rements vary accord ing to t he
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Table 3. Variations in global water require-
ments of millet according to the
growing period and the evaporative
demand at CNRA, Bambey. (See also
Fig. 1.)
Crop
M i n i m u m Average M a x i m u m
MET MET MET
120-day Sanio mi l let
90-day Souna mi l le t
75-day dwar f mi l let
546 600 624
378 415 457
311 345 386
High Evaporat ive Demand
6 0 0 -
500
4 0 0
300
2 0 0
Average Evaporat ive
Demand (1972-1977)-
Weak
Evaporat ive
Demand
75 90 120
Number of days of the vegetative cycle
extent and rapid i ty o f t he c rop cover over bare
soi l a t t he beg inn ing of the c ropp ing season.
Thus, very early var iet ies (accelerated g r o w t h
and deve lopment ) o r those w i t h h igh p lant
densi ty cover soi l m o r e rap id ly than o thers and
requi re m o r e water . These wa te r requ i rements
also decrease as the crop matu res , w h i c h m a y
coinc ide w i t h a l o w evapora t ive d e m a n d in the
m idd le of t he ra iny season fo r a very early 
var iety (75 days) or an increasing evaporat ive
d e m a n d at t he end of the ra iny season fo r a 
var ie ty w i t h longer du ra t ion (120 days).
I t is f o r th is reason tha t once again wa te r
requ i rements shou ld be expressed in t e rms of
the evaporat ive d e m a n d (s tandard class-A open
pan) and the coef f ic ients K = MET/EP shou ld be
calculated f o r t h e ent i re du ra t ion . Th is w a s d o n e
fo r all th ree mi l le t var iet ies over successive
15-day per iods ; t he results are s h o w n in Table
4. Since each t ype of mi l le t was tested over at
least 2 successive years, the K coeff ic ients w e r e
compared and an average representat ive va lue
w a s reta ined.
Figure 2, in w h i c h on ly the representat ive
values of K are used , clearly s h o w s t he dif fer-
ence between the th ree mi l le t types. The
m a x i m u m va lues ob ta ined fo r K are:
1.20 fo r Sanio mi l le t ; 1.10 f o r Souna mi l l e t ;
0.97 fo r G A M mi l let .
L ikewise, in Tab le 1 t h e seasonal K 
coeff ic ients w e r e : 0.76 f o r San io mi l le t , 0.73 f o r
Souna mi l le t , and 0.65 fo r G A M mi l le t . I t seems
that these t w o facts are l inked to the respect ive
he ights o f these mi l l e ts : San io mi l le ts are very
tal l (> 3.5 m) , Souna mi l le ts are of medium 
height ( 2 - 2 . 5 m) , and dwar f mi l le ts are abou t
1.0 m. Moreove r , whereas the soi l sur face in a 
Sanio mi l le t f ie ld is very irregular ( in waves),
tha t o f Souna mi l le t and specia l ly o f G A M mi l le t
is m u c h m o r e h o m o g e n o u s . Al l these factors
undoub ted l y make the energy advect ions m u c h
h i g h e r f o r t h e Sanio than fo r the other c rops and
t h e wa te r needs are also increased. However ,
there is no ev idence t h a t t h e s a m e resul ts w i l l be
obta ined in very large p lots (> 1 ha) w h e r e
advect ions are p robab ly reduced. Actua l ly , th is
raises the p r o b l e m of the scale of agroc l imat ic
character izat ion: smal l p lot , f i e ld , or ecological
zone? But i t is also possib le tha t these dif fer-
ences m ight actual ly be l inked to the phys io logy
or the archi tecture of the test var ie t ies; th is
remains to be demons t ra ted . Perhaps the cor-
rect so lu t ion lies between these d i f ferent
theor ies.
The th ree var iet ies can be compared (Fig. 3)
on the basis of t he average values of K and the
1972-1977 average of pan evapora t ion taken
over successive 15-day per iods r ight f r o m the
start o f t he c ropp ing season. This compar i son
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Table 4. Changes in K = during growth of 75-, 90-, and 120-day millet varieties.
Sanio mi l le t 120 days Souna mi l le t 90 days G A M dwar f mi l le t 75 days
Value Value Va lue
Days 1976 1977 retained 1973 1974 reta ined 1974 1975 reta ined
0 - 1 5 0.15 0.30 0.23 0.26 0.38 0.32 0.44 0.49 0.47
1 5 - 3 0 0.35 0.44 0.40 0.49 0.66 0.58 0.61 0.80 0.71
0 - 3 0 0.25 0.37 0.31 0.38 0.52 0.45 0.53 0.65 0.59
3 0 - 4 5 0.77 0.70 0.74 1.09 1.01 1.05 0.84 1.10 0.97
4 5 - 6 0 1.07 0.99 1.03 1.26 0.94 1.10 0.79 0.65 0.72
3 0 - 6 0 0.92 0.84 0.88 1.18 0.98 1.08 0.82 0.88 0.85
6 0 - 7 5 1.12 1.24 1.18 0.98 0.82 0.90 0.75 0.80 0.77
7 5 - 9 0 1.24 1.15 1.20 0.72 0.65 0.69
6 0 - 9 0 1.18 1.20 1.19 0.85 0.74 0.80
9 0 - 1 0 5 1.09 0.94 1.02
105 -120 0.71 0.82 0.77
9 0 - 1 2 0 0.90 0.88 0.89
Figure 3. Comparative water requirements of three millet varieties at Bambey, expressed as 
average evaporative demand (Bambey, Senegal, 1972-1977). 
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120-day Santo M i l l e t (g loba l K= 0.76)
90-day Souna M i l l e t (g lobal K= 0.73)
75-day GAM M i l l e t (g lobal K = 0.65)
1.20
1.10.
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Figure 2. Changes in the K = METlEp coefficients during crop duration of three millet varieties 
of 75-, 90-, and 120-day duration. 
Global MET for 120-day Sanio m i l l e t=620 mm
Global MET for 90-day Souna m i l l e t = 430 mm
Global MET for GAM 75-day Dwarf m i l l e t = 3 5 0 mm
Evaporat ion in a s tandard C lass -A pan
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N u m b e r o f d a y s i n c y c l e
clearly shows that wa te r requ i rements are h igh
at t he start o f t he c ropp ing season fo r short-
du ra t ion var iet ies and a t the end fo r t h e long-
dura t ion var iet ies.
A p p l i c a t i o n o f t h e Resul ts
t o t h e S e n e g a l S i t u a t i o n
M e t h o d
In Senega l , t he evaporat ive d e m a n d var ies f r o m
nor th to sou th and even f r o m the coast inwards .
I t i s h igh t o w a r d s t he nor th and l o w t o w a r d s t he
s o u t h ; i t also increases towards the inter ior .
Th is evaporat ive d e m a n d is related to h u m i d i t y
in the zone, that is, to ra infa l l , t he ma in h u m i d -
i f icat ion factor.
The n o r t h w a r d m o v e m e n t o f t he Inter-
Tropical Convergence Zone br ings a mass of
h u m i d air causing t he rains to set in and w e t the
soi l . Vegeta t ion begins to cover the soi l and the
evapot ransp i ra t ion f r o m the c rops , a long w i t h
the typ ica l ra iny-season cond i t ions (decrease in
hours of sunsh ine and tempera tu res , increase
in re lat ive humid i t y , reduced w i n d veloci ty)
cont r ibu te to reduced evaporat ive d e m a n d .
We w e r e able to establ ish s o m e negat ive
corre la t ions be tween t he a m o u n t o f rainfal l
received and potent ia l evapot ransp i ra t ion
measured on tur f (Dancette 1973) and be tween
rainfal l and potent ia l pan evapora t ion (Dancette
1977). Th is enabled character izat ion by locat ion
o f the evapora t ive demand d u r i n g the rainy
season. This was essent ial f o r the wo rk on
adapta t ion of ra infed crops, based on the appl i -
cat ion t h r o u g h o u t t h e count ry of water re-
qu i remen t measurements . For th is , there is
already a relat ively dense ne twork of ra infal l
s tat ions, un l ike the ne twork fo r evapora t ion
measurement .
The re la t ionsh ip be tween rainfal l and pan
evapora t ion is establ ished on a m o n t h l y basis
fo r t he ent i re rainy season:
E p = A - B X - C Y + D Z
w h e r e X is t he rainfal l fo r the m o n t h or season
be ing s tud ied
Y is the average annua l rainfal l at t he
stat ion ( lat i tude)
Z is the d is tance of the s ta t ion f r o m the
coast ( long i tude)
Th is k ind of equat ion is de te rm ined fo r t rans i -
t iona l m o n t h s (beg inn ing o f t he rainy season),
peak ra iny-season m o n t h s , or an ent i re per iod
w h e n rainfal l is l ikely to occur ( June -Oc t ) ; the
corre la t ion coeff ic ients fo r these per iods w e r e
0.73, 0.78, and 0.86 respect ively.
There is a s impler t ype of equat ion fo r t he 5 
mon ths of the rainy season:
Ep = 10.4 - 2.76 Ln R (r = 0.92)
w h e r e Ep is the average pan evapora t ion in
mm/day fo r t he 5 m o n t h s cons idered, and R is
the average dai ly rainfal l du r i ng the same
per iod .
From these re lat ions we can establ ish the
f o l l o w i n g type of map for character iz ing by
locat ion the evaporat ive d e m a n d ( shown by
evapora t ion in a s tandard class-A pan) dur-
ing the rainy season in Senegal . The average
evaporat ion is g iven in mm/day ( J u n e - O c t ) and
in parentheses is the index based on the obser-
va t ion at the Bambey stat ion w h e r e water re-
qu i remen ts of mi l le t we re measured (Fig. 4).
L i m i t a t i o n s
Several po in ts can be d isputed such as:
• The var iab i l i ty in m o n t h l y rainfal l in th is
area: Rainfal l may occur ei ther at the be-
g i n n i n g or the end o f the m o n t h w i t h o u t
being we l l d is t r ibu ted t h r o u g h o u t the
m o n t h . Rainfal l in a g iven m o n t h may
in f luence cond i t ions in the f o l l o w i n g
m o n t h as a result of soi l wa ter reserves,
etc.;
• The choice of a to ta l per iod of 5 m o n t h s :
whe the r these 5 m o n t h s are re ta ined, or
the exact per iod be tween the f i rst "e f fec-
t i v e " rainfal l and the end of the rainy
season (last rain + per iod du r i ng w h i c h
soi l mo i s tu re reserves are used), or the
n u m b e r o f w h o l e m o n t h s w i t h s ign i f icant
ra in fa l l , t he equat ions hard ly di f fer and , in
our op in i on , do not just i fy comp l i ca t ing the
calculat ions any fur ther .
The m o s t crucial p rob lem is to k n o w w h i c h
per iod shou ld be re ta ined f o r character iz ing t he
evaporat ive d e m a n d . In 1973, we cons idered a 
long per iod (1931-1965) f o r de te rm in ing the
re la t ionsh ip be tween rainfal l and PE d u r i n g t he
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Figure 4. Variations in evaporative demand (mmlday) during the rainy season in Senegal 
(June-Oct), 1971-1976. 
effect ive ra iny season, as wel l as fo r the PE map.
This great ly reduced the evaporat ive d e m a n d
grad ient — rough ly 1.20 to t he ex t reme nor th of
t he coun t ry and 0.80 to t h e ex t reme sou th ,
compared w i t h Bambey.
On the other hand , be tween 1971 and 1976, a 
severe d rough t occurred w h e n the ne twork o f
s tandard class-A pans w a s be ing set up and
extended. The ra infa l l -pan evapora t ion equa-
t i on cou ld not be app l ied to the 1931-1976
per iod. Th is equat ion needs to be cor robora ted
by evapora t ion and rainfal l read ings over a long
per iod . However , i t is character ist ic of years of
def ic i t ra infal l and an abno rma l l y h igh evapora-
t ive d e m a n d .
Thus, t he map s h o w i n g t he evaporat ive de-
m a n d and its nor th -sou th grad ien t indicates
s o m e ind ices w h i c h are th i s t i m e be tween 1.40
to the nor th and 0.65 to the sou th o f Bambey ,
Senegal . However , t he wo rk shou ld be a imed at
adapt ing crops to t he un favorab le cond i t ions o f
t he last 10 years, as i t is easier to adapt t h e m to
better cond i t ions .
• Use of the evaporat ive d e m a n d map and
indices based on observat ions taken in
Bambey.
Accord ing to th is m a p , a 120-day mi l le t requir-
ing an average620 mm at Bambey, w o u l d need :
620 x 0.82 = 530 mm at N ioro-du-Rip
and 620 x 0.67 = 420 mm at Sefa.
In the same way , a 75-day mi l le t requ i r ing 350
mm a t Bambey, w o u l d requ i re :
350 x 1.16 = 410 mm at Louga
and 350 x 1.30 = 460 mm near Dagana.
S o m e C o m m e n t s a n d
A p p l i c a t i o n s
Poten t i a l i t i es o f Ex is t ing M i l l e t
V a r i e t i e s in C e n t r a l S e n e g a l
Table 5 shows that the best gra in y ie lds are
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obta ined f r o m the 90-day Souna mi l le t (nearly
3 t/ha). The 75-day G A M mi l le t unde rgo ing
varietal i m p r o v e m e n t already g ives the same
gra in y ie lds as 120-day Sanio mi l le t (wh ich is
being comple te ly abandoned in the D iourbe l
region) . Souna mi l le t y ie lds a m a x i m u m of 2 
tonnes, c o n s u m i n g near ly tw i ce as m u c h water
as the G A M mi l let .
I f wa te r use by mi l le t was expressed in t e rms
of l i ters of wa te r c o n s u m e d by the plant and the
quant i ty requi red to p roduce 1 kg of g ra in , there
is l i t t le d i f ference be tween the Souna and G A M
mil lets. The s i tuat ion is much wo rse for Sanio
mi l let (3000-4000 l iters/kg gra in compared to
1500-1600 l i ters for the other mi l lets) .
Sanio mi l le t has a h igh p roduc t ion potent ia l
fo r s t raw — about 14 mt/ha, or m o r e than d o u -
ble that of Souna and G A M mi l le ts . Average
water requ i rements to p roduce 1 kg of s t raw is:
• 440 l i ters of water fo r i r r igated San io mi l le t
(average of 1976 and 1977)
• 616 l i ters of water fo r G A M mi l le t (average
of 1974 and 1975)
• 707 l i ters of w a t e r f o r i r r igated Souna mi l le t
(average of 1973 and 1974)
St raw y ie lds of the 75-day dwar f mi l le t and
Souna mi l le t are comparab le but dwar f mi l le t
matures in 75 days instead of 90 fo r Souna
mil let .
This aspect o f " s t r a w p r o d u c t i o n " cannot be
neglected, cons ider ing its increasing use fo r
l ivestock feed, manu re p roduc t ion , and in the
house fo r roofs, enclosures, fue l , etc.
A l t hough the 120-day Sanio mi l le t shou ld be
rejected because of its poor g ra in y ie ld potent ia l
and excessive water c o n s u m p t i o n , the aban-
d o n i n g of Sanio mi l le t in the Diourbel reg ion
may poss ib ly have con t r ibu ted to the increasing
shor tage of s t raw on fa rms (one of the present
constra ints to deve lopmen t of sedentary l ive-
stock raising); the same si tuat ion occurs w h e n
the re is a sw i tch f r o m 120-day to 90-day
groundnu ts . The "s tab i l i za t i on " o f gra in y ie lds
is not too compat ib le w i t h h igh s t raw pro-
duc t ion .
I n f l u e n c e o f W a t e r S t ress o n M i l l e t
P r o d u c t i o n
The Souna and G A M mi l le ts , w h i c h , on the
who le , are qui te wel l su i ted to t he water cond i -
t ions in the Bambey reg ion, we re not subjected
to any real stress du r i ng the years of exper imen-
ta t ion , even though i t was a per iod of def ic i t
rainfal l . Thus, in 1973, sat isfact ion of the water
requ i rements o f the non- i r r igated Souna mi l le t
was 9 1 % and its gra in and s t raw y ie lds d i f fered
very s l ight ly f r o m those o f mi l le t w i t h supple-
menta l i r r igat ion. For the other years, supp le-
menta l i r r igat ion d id not increase y ie lds of
either Souna or G A M mi l let . Duc (1977) ob-
ta ined somewha t s imi lar results w i t h Souna
mi l le t on t he fa rm at Bambey du r i ng the ra iny
season; supp lementa l i r r igat ion is especial ly
effect ive fur ther nor th . In central Senegal , there
are other ways of stabi l iz ing mi l le t p roduc t i on
besides i r r igat ion, par t icu lar ly t h rough d r y fa rm-
ing techn iques w i t h year- to-year carryover of
soi l mo is tu re reserves (Chopart and Nicou
1976).
On t h e other hand , d i f ferences be tween i r r i -
gated and non i r r iga ted plots were very great for
Sanio mi l le t wh i ch has adapted very poor ly to
these dry years (470 mm of rain at Bambey
dur ing these last 10 years instead of 640 mm
dur ing 1921-76). Yields o f Sanio mi l le t — f o r
wh ich water requ i rement w a s sat isf ied up to
72% in 1976 — dropped by 4 6 % fo r gra in and
by 25% fo r straw. Yields of Sanio Mi l le t — 
w h o s e water requ i rement was sat isf ied up to
63% in 1 9 7 7 — f e l l f r o m 1623 to 153 kg/ha, a 
decrease of 9 1 % . St raw yields we re less af-
fected, s ince they fel l by only 2 3 % .
F lower ing for i r r igated mi l le t was o n :
• 2 Oct (82 days after p lant ing) in 1976, at
mid-head ing stage
• 7 Oct (92 days after p lant ing) in 1977 ( m o r e
widespread f lower ing) .
Water stress dur ing the 20 days a round these
dates can be calculated as
cor respond ing to a 4 6 % fall in gra in y ie ld
ing to a 9 1 % fal l in gra in y ie ld .
Therefore, part icular a t tent ion shou ld be paid
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MET - AE
MET
5.8 - 4.7
5.8
6.5 - 2.9
6.5
% = = 2 0 % in 1976,
and % = 55% in 1977, co r respond-
to stress a t head ing ra the r than t h r o u g h o u t c rop
dura t ion .
In t he absence of a t r u e test ( response cu rve
to wa te r du r ing the rainy season), w h i c h re-
qu i res detachable covers or perfect ly a i rcon-
d i t ioned greenhouses, we t r ied to approx ima te
th is curve by us ing results o f var ious agr icu l -
tura l exper iments in Bambey and other sta-
t ions . Wate r c o n s u m p t i o n w a s measured by an
in situ wa te r balance, or i t was c o m b i n e d w i t h
effect ive rainfal l w h e n rainfal l was re lat ively
we l l d is t r ibu ted ( therefore, s tored in t he soi l at a 
dep th w h e r e i t w a s avai lab le to t he roots) and
clearly less than crop requ i rement . Thus , at th is
f i rst s tage o f the invest igat ion we w e r e able to
obta in a technical ly g o o d wa te r response curve
fo r 90-day Souna mi l le t f o r t h e centra l zone
(Thies, Bambey, Diourbel) (Fig. 5).
The same work w i l l be carr ied out fo r 75-day
and 120-day mi l le ts at t he s ta t ion and in f a r m -
ers' f ie lds. As th is t ype of invest igat ion sepa-
rates technica l and c l imat ic factors, i t also pro-
v ides a bet ter exp lanat ion of p roduc t i on and a 
m o r e ob ject ive eva luat ion of the impac t o f
agr icu l tura l extens ion efforts.
Figure 5. Water response curve for 90-day 
Souna millet crop with proper cul t i -
vation, fertilization, and ma in te -
nance (ISRA stations and PAPEM, 
North Central region). 
Figure 6 is a f i rs t a t tempt in th is d i rec t ion ; bu t
i t does not d i f ferent ia te be tween 90- and 120-
day mi l le ts and s o r g h u m , and y ie ld est imates
are unrel iable. Whatever the exact va lue of the
f igures, there is s o m e logic in the t rends — the
effect of t he severe d rough ts of 1968 (the wors t
d rough t recorded in 50 years), 1972, and 1973
and perhaps an u p w a r d t rend in mi l le t y ie lds in
1974 and 1975 — w h i c h needs to be c o n f i r m e d .
This may be because s o r g h u m and 120-day
mi l le t w e r e a lmost comple te ly abandoned in
the zone s tud ied ; o ther reasons cou ld be a 
change in t he m e t h o d of es t imat ion by DGPA or
imp roved techno logy ( th inn ing , fer t i l izat ion,
etc.). I t is useful bo th for research and fo r
extens ion act ivi t ies to better unders tand pro-
duc t ion mechan i sms in order to p rov ide better
gu ide l ines for fu tu re work .
Production ratio to cropped surface
in the Bambey administrative department.
Figure 6. Changes in millet and sorghum and 
millet yields in farmers' fields in the 
Bambey Department (DGPA esti-
mates).
M a p s o f A d a p t a t i o n o f M i l l e t
t o R a i n f a l l C o n d i t i o n s
This po in t was d iscussed in a paper fo r t he IAEA
Consul ta t ive C o m m i t t e e in 1975 at Bambey
(Dancette 1975). Th is paper concerned 75- and
90-day shor t du ra t ion mi l le ts in the no r the rn
half o f Senegal . Th is w o r k shou ld be ex tended
to cover the ent i re coun t ry and shou ld also
inc lude 120-day S a n i o m i l l e t s f o r t h e c e n t r a l and
southern parts o f t he country .
116
1000
500
0
-50% -25% 0 25%
324 mm 486 mm 648 mm 
Shortage or excess of rain in relation to the
normal amount of rain during the cropping
season
3 0 0 0
2 0 0 0
1 0 0 0
0
0 100 2 0 0 3 0 0 4 0 0
W a t e r r e q u i r e m e n t s (mm)
In 1975, the evaporat ive d e m a n d grad ient had
been calculated f r o m a PE map for the per iod
1931-1965 (rainfal l-PE corre la t ion) ; t he resul ts
w o u l d be even m o r e negat ive i f the evapora t ive
d e m a n d over the last 10 years was based on
rainfal l -pan evapora t ion corre lat ions.
The m e t h o d is based on a s tudy of the
effect ive rainy season fo r a d ry -sown mi l le t c rop
and a compar i son of the rainfal l received and
stored in the soi l (to a m a x i m u m of 100 mm)
w i t h the water requ i rements o f mi l le t est imated
a t - 10% dur ing c ropp ing . Therefore, the length
of the effect ive ra iny season mus t be cons id-
ered a long w i t h the sat is fact ion o f the water
requirements in order to know in retrospect i f
each year at a s ta t ion had been favorab le in
te rms of wa te r supply. Th is requi res detai led
analysis of 40 years ' data per s tat ion and a study
of all t he s ta t ions hav ing a re lat ively l ong and
comp le te series of observat ions and wh i ch are
also we l l d is t r ibuted t h r o u g h o u t the area. The
map in F igure7 g ives an idea of the in fo rmat ion
that can be ob ta ined. In the reg ion represented
by the shaded area, the change f r o m a 90-day
var iety (Souna) to a 75-day var ie ty (GAM dwar f )
increases rel iabi l i ty of y ie lds (80% and m o r e
chances of success).
S t u d y o f t h e C r o p p i n g S e a s o n
a n d an Exp lana t ion o f P r o d u c t i o n
M e c h a n i s m s
In 1977 (Dancette 1977), a very genera l s tudy
was undertaken of the c ropp ing season. I t
main ly focused on mi l let , g roundnu t , and
cowpea, as the i r water requ i rements are s imi lar
for the same crop durat ions. Water requi re-
ments of these crops are in d i rect p ropo r t i on to
the length of the g r o w i n g season (Fig. 8). I t is
also possib le to p lot on a graph the cumu la ted
Figure 7. Lines of equal probability for favorable water conditions for a 75-day GAM millet. 
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curves fo r water requ i rements and rainfal l f r o m
the day of the f i rst effect ive rainfal l (Fig. 9). Th is
rainfal l enables t h e d r y - s o w n mi l le t c rop to star t
g r o w i n g . The ideal w o u l d be to t rans late th is
curve of wa te r requ i rements a long the x axis
(days) and also to f i t i t a l ong t he y axis in case of
replant ing or delayed p lan t ing .
Actua l ly , in these cases, ei ther the c rop starts
w i t h an in i t ia l water content tha t can be est i -
Figure 8. Water requirements of crops in 
Senegal are in proportion to the 
growing period. 
mated , or all t he rain is lost ( th rough evapora-
t ion) and the water requ i rements curve mus t be
started f r o m the cumu la t i ve rainfal l level (the
case of Thies in 1977). Final ly, in certain excep-
t iona l cases (research stat ions), there may be an
ini t ia l water content due to dry f a r m i n g
techn iques (for example , postharvest cul t iva-
t ion) . Th is shou ld be taken in to account by
lower ing the s tar t ing po in t of the water re-
qu i rements curve in re lat ion to rainfal l .
The actual mi l le t c rop s tudy w o u l d only need
the specif ic water requ i rement data g iven
earlier and an index, including the evaporative
d e m a n d grad ient , for each s ta t ion. Th is gives an
idea of the stress per iods, the i r in tensi ty , and
poss ib le effects on y ie lds (by also us ing water
response curves). In the case of Thies, taken
f r o m 25 other cases s tud ied in 1977, c ropp ing
started except ional ly late and rainfal l was very
poor. I f runof f and perco la t ion were negl ig ib le
and all t he rain cou ld be s tored in the soi l and
used by the crop, on ly the 75-day var iet ies had
some chance of success (76% sat isfact ion water
requi rement) . The 90-day mi l le t var iet ies had
already begun to be affected at heading (about
60 days after p lant ing) w i t h on ly 6 2 % satisfac-
t i on o f to ta l water requ i rement ( A ' B ' / A ' C , Fig.
9).
Figure 9. The 1977 rainy season (Thies meteorological station). Three dry-sown millet reseedings; 
sowing rain on 14 August: 52 mm; average date of last rain: 5 October. 
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C o n c l u s i o n
The measu remen t of water requ i rement is a 
prerequis i te to any work on the adapta t ion o f
c r o p s t o a g iven pedoc l imat ic env i ronment . The
water requ i rements o f mi l le t g r o w n under
proper cond i t ions are n o w k n o w n but not m u c h
is k n o w n about the requ i remen t of a poor l y
cul t ivated mi l le t c rop w i t h inadequate minera l
nut r i t ion . However , i t is no rma l that research
a ims to ob ta in h igh y ie lds and , there fore , adap-
ta t ion of p lants w i t h relat ively h igher water
requ i rements rather than s tunted plants. S t raw
produc t ion shou ld also be careful ly cons idered
f o r f o r m s in tegra t ing l ivestock ra is ing and other
needs.
I t is fo r these var ious reasons that , n o w m o r e
than ever (prev ious ly there were med ioc re but
perhaps m o r e f lex ib le var iet ies), cr i ter ia for
var ietal select ion and de te rm ina t ion (based on
soil and rainfal l data) of areas fo r p r o m o t i n g the
ma in var iet ies shou ld be exact. Th is approach
has been adopted in Senegal by the Mi l le t
Improvemen t Group (GAM) w h o s e work in
select ion and deve lopmen t of var iet ies is con-
ducted in col laborat ion w i th agronomis ts and
agroeconomis ts . The agroeconomis ts are able
to specify wha t t he fa rmers really wan t , h o w
they use agr icu l tura l p roduce and by-products ,
and w h a t constra ints they face (weather,
equ ipmen t , marke t ing , etc.). The agronomis ts
can speci fy h o w these constra in ts can be al-
leviated ( ra infa l l , soi l cu l t i va t ion , manu re and
organic matter) and wh i ch crops are mos t
sui ted to ove rcome var ious ag ronomic p rob-
lems.
Breeders and phys io log is ts can thus direct
the i r efforts t owa rds specif ic object ives and
meet the needs fo r deve lopment , even i f these
needs are not a lways as clearly def ined as they
shou ld be, or i f they change t oo rapid ly. Thus
large-scale deve lopmen t of sedentary l ivestock
rais ing and s u m m e r fa t ten ing seems incom-
patible w i th the practice of incorporat ing crop
residue as r ecommended prev ious ly . A t t he
s a m e t i m e , so i l fe r t i l i t y shou ld be ma in ta ined by
appl icat ions o f m a n u r e ; me thods o f m a k i n g
and spread ing m a n u r e need to be s tud ied
fur ther .
A l l th is requires careful a t tent ion and a c o m -
bined ef for t i nvo l v ing large mu l t id isc ip l inary
teams fo r p lanned and specif ic reg iona l oper-
ations such as, for example, increase of mi l let
p roduc t ion to ensure self-suff ic iency in f o o d fo r
a g iven ecological zone cover ing one or several
admin is t ra t i ve reg ions.
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Modeling Evapotranspiration
K. M. King*
Summary
Several reviews of evapotranspiration models are already available and in this 
presentation emphasis has been given to the Penman-Monteith model, the Priestley-
Taylor model, those that make use of remote sensing of surface conditions, and those in 
which there is dynamic simulation of the evapotranspiration and water movement 
process in the soil-plant-atmosphere system. Although local adjustments to existing 
empirical models may be worthwhile, attention should be given to the physical and 
biological processes involved in order to decrease the possible errors in the evapotrans-
piration estimate. 
No a t tempt w i l l be made in th is presentat ion to
review all the evapot ransp i ra t ion mode ls and
var iants developed over the years. The recent
paper by Monte i th (1978) is a g o o d reference on
the deve lopmen t o f evapot ranspi ra t ion mode ls
since the Penman (1948) fo rmu la . It has been
used considerably as a basis fo r th is d iscussion
and fu l l credi t shou ld go to Professor Monte i th
for his cont r ibu t ion . M u c h of the d iscussion in
th is paper wi l l be devoted to d iscussion of the
Penman-Monte i th comb ina t ion mode l and to
the Priest ley-Taylor est imate of evapotranspi -
rat ion f r o m wet surfaces and to adaptat ions and
appl icat ions of these approaches. An a t tempt
wi l l be made to summar ize and compare the
characterist ics of the ma in models . Other recent
reviews by Jensen (1974) and Doorenbos and
Pruitt (1975) conta in much useful i n fo rmat ion
on empir ica l mode ls for es t imat ing evapo-
t ransp i ra t ion f r o m var ious c l imato log ica l var i -
ables. Webb (1975) has rev iewed the di f ferent
ways of es t imat ing or measur ing evapotranspi -
rat ion f r o m catchments.
Mode l i ng evapotranspi ra t ion is, of course,
not the same as measur ing it, a l though some-
t imes both approaches are needed. Clearly,
lys imeters and water-ba lance data p rov ide a 
measurement of evapot ransp i ra t ion , ei ther d i -
rectly or as a residual d i f ference calcul ated f r o m
* Professor and Cha i rman , Depar tment of Land Re-
source Science, Un ivers i ty o f Gue lph , Ontar io ,
Canada.
other measurements . The Bowen rat io-energy
balance approach and the eddy-corre lat ion
techn ique also prov ide values of the latent heat
f lux above any evaporat ing surface, and these
often have been used to prov ide reference
values fo r evapotranspi ra t ion rates calculated
by var ious models . No specif ic reference to the
micrometeoro log ica l approaches to de te rmi -
nat ion of evapotranspi ra t ion w i l l be made here,
a l though i t is unders tood that certain mode ls in
regard to tu rbu len t d i f fus ion are inc luded in
these approaches.
In evapotranspi ra t ion mode l i ng , one usual ly
tr ies to make s imp l i f y ing assumpt ions so that
the evapotranspi ra t ion may be est imated over
extended distances or per iods of t ime , or bo th ,
so that s o m e di f f icu l t measurements may be
avo ided, or so that c l imato log ica l data or other
easily obta inab le data may be used. For ex-
ample , in the or ig inal Penman mode l (1948),
energy balance and tu rbu len t d i f fus ion equa-
t ions were comb ined so that the di f f icul t mea-
surement of surface tempera tu re cou ld be
avoided and only the four readi ly avai lable
var iables of rad ia t ion, w ind speed, air tempera-
tu re and water vapor pressure were requi red.
As we shall see later, a t tempts are now being
made to measure surface tempera tu re w i t h
radiat ion the rmomete rs and to use th is infor-
mat ion in evapot ranspi ra t ion est imates. The
or ig inal Penman comb ina t ion mode l actual ly
prov ided an est imate of the evaporat ion f r o m a 
free water surface and a factor t hen was used to
get the potent ia l evapot ransp i ra t ion f r o m a 
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where Eo is the evaporation from open water
surface in mm/day
E t is evapotranspiration from the wel l watered
turf
∆ is the slope of the saturation vapor pressure
curve at air temperature
y is the psychrometer constant
Qn is the net radiation over open water
Rn is the net radiation over the vegetation
ed , ea and u are the saturation vapor pressure at
the dew point temperature, and the saturation
vapor pressure (millibars) at air temperature and
the windspeed (miles/day) at the height of 2 m.
Penman later (Penman and Schof ie ld 1951;
Penman 1953) ex tended his approach to inc lude
di f fus ive resistance to water vapor m o v e m e n t
f r o m leaves, and Monte i th (1963, 1965) ex-
tended this idea to a crop canopy by de f in ing an
aerodynamic resistance, ra, in te rms of the
w indspeed and aerodynamic roughness of the
crop and der ived a phys io log ica l resistance, rc,
f r o m prof i les of tempera ture , vapor pressure
and w i n d above the c rop canopy, This ex tended
the Penman mode l fo r use over any vegetated
surface. Monte i th (1978) commen ts that the
procedure for getting rc was greatly criticized at 
the t i m e i t was proposed but cites recent exper-
iments to indicate his model works well. 
The Monte i th m o d e l , o r the Penman-
Monte i th mode l as referred to by Mon te i th
(1978), can be wr i t ten as f o l l ows :
Data used by Black et a l . (1970) inc lude
that f r o m a per iod w h e n the crop was exposed
to t w o severe d ry ing cycles. The authors d raw
at tent ion to the separate est imat ion of the soi l
evaporat ion in the i r p rocedure and to the i r
observat ion that the snap bean crop canopy
used was loosely st ructured so that the resis-
tance of the canopy air space was smal l in
compar ison w i th the s tomata l d i f fus ive resis-
tance. That is, rc was def ined f irst by Monte i th
as a phys io log ica l resistance, but n o w it is m o r e
often te rmed crop resistance, canopy resis-
tance, or surface resistance, and , accord ing to
Black et al. (1970), " r c is a comb ina t i on of so i l ,
p lant and canopy air space resistance, and is
v i r tua l ly imposs ib le to measure d i rec t ly . "
Monte i th (1965) stated that f o r a bar ley
canopy w i t h a leaf area index of L, rc cou ld be
regarded as a comb ina t i on of L leaf resistances
in paral lel . Thus , measur ing w i th a d i f fus ion
porometer the s tomata l resistance, rs, of the
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grass surface we l l suppl ied w i t h water . The
actual evapot ransp i ra t ion under d ry ing cond i -
t ions w a s a l lowed for by de f in ing a root con-
stant so that as long as the soi l mo is tu re def ic i t
was less than the root constant the potent ia l
evapotranspirat ion occurred. After that the rate
of water loss decreased propor t ionate ly w i t h an
increasing so i l -mois ture defici t . The ma in equa-
t ions in t he Penman mode l we re as f o l l ows :
Eo = (1)
Ea = 0 . 3 5 ( e d - ea) (1 + μ 2 / 1 0 0 ) (2)
Et = fEo (3)
E = (∆Rn + γ E a ) / ( ∆ + γ ) (4)
where LE is the latent heat f lux
G is the soil heat f lux
p and Cp are the density and specific heat of air
ra is the aerodynamic resistance
rc is the canopy resistance
and the other symbols were defined previously.
One experiment cited by Montei th (1978) to
show that his model works was done by Black et
al. (1970) . They tested the model against a lysi-
meter measurement of the evapotranspiration from
a snap bean crop.
Black et al. (1970) state that Montei th 's model
for evapotranspiration, E, from a crop may be
wri t ten as
E = PE / {1 + [ γ / ( γ + ∆ ) ] ( r c / r a ) } (6)
where the potential evapotranspiration is
PE = [ ∆ / ( ∆ + γ ) ] [ ( R n - G )
+ ( M / L ) ( p c p / ∆ ) ( e d - e a ) / r a ] . (7)
and M is a constant to adjust units.
If the soil evaporation, Es, is predicted separately
the transpiration, Et, can be wri t ten
∆ Q n + γ E
∆ + γ
ra = {  + 1 n [ ( z - d ) / z o }
2 / k 2 u (9)
where   is the profile diabatic correction
d, zo are zero plane displacement and roughness
parameter
k = 0.4 is von Karman's constant
u is the windspeed at height z.
E t = ( P E - E s ) / { 1 + [ γ / ( γ + ∆ ) ] ( r c / r a ) } (8)
The value of the aerodynamic resistance is
obtained by
leaves of a crop and d i v id ing t he average value,
rs by L, one obtains rc. This is w h a t was done by
Black et al. (1970). Brun et al. (1973) t r ied
di f ferent ways of ge t t ing rs fo r a so rghum crop
and f ound that averag ing over all leaves of the
canopy gave a sat isfactory va lue of rc. That is,
w h e n the relat ion rc = rs/L was used in the
Mon te i th mode l there was good agreement
w i th the evapot ransp i ra t ion values f r o m a 
lysimeter. Aga in i t shou ld be noted that Brun et
al . (1973) est imated the soi l evapora t ion sepa-
rately. I t was assumed that i t was equal to the
net rad iat ion be low the crop canopy m inus the
soil heat f lux. Black et al. (1970) cons idered that
the evaporat ion f r o m the soi I was considered to
be either l im i ted by the energy supp ly or l im i ted
by capi l lary f l o w to the soil surface.
Monte i th (1978) states that actual evapo-
t ransp i ra t ion can be predicted i f the appropr ia te
va lue of rc can be est imated f r o m exper ience or,
al ternat ively, he suggests one m igh t use the
ratio of actual to potent ia l evapot ransp i ra t ion
de te rmined by exper iment for a part icular com-
binat ion of soi l and crop and relate th is to soi l
water content or potent ia l . An example of the
latter w o u l d be the study of Feddes and Zarad-
ney (1978) w h o used a root ext ract ion te rm that
was dependent on the soi l water potent ia l . They
also used the depth of the root zone, bu t the
value o f m a x i m u m possib le evapot ransp i ra t ion
was p rov ided by the comb ina t i on equat ion. In
pr inc ip le, one w o u l d l i ke to b e a b l e t o relate r c to
the water status of the so i l , bu t there are
comp lex relat ions i nvo lv ing the s tomata i resis-
tance, t ransp i ra t ion rate, leaf water potent ia l ,
age of p lant , etc. At least i t is sat isfy ing to know
that us ing the comb ina t i on mode l w i t h mea-
sured s tomata i resistances and leaf area index
one can get reasonable values of the actual
evapot ransp i ra t ion (e.g., Brun et al . 1973), w i t h -
out the detai led grad ient measuremen ts
needed, for example , in the Bowen rat io-energy
balance approach.
A h m e d et al. (1976) we re ab le to relate canopy
resistance to soi l wa ter status and deve loped a 
dynamic s imu la t ion mode l fo r the soi l -water-
a tmosphere-p lant sys tem, in order to der ive an
o p t i m u m crop- i r r igat ion strategy under s i m u -
lated cond i t ions of actual weather . Inc luded in
the mode l was a s tomata i act ion subrou t ine
wh i ch p rov ided for the onset o f s tomata i clo-
sure at the appropr ia te leaf wa te r potent ia l , and
the increase in leaf d i f fus ion resistance at the
appropr ia te rate w i t h a fu r ther decrease in the
leaf-water potent ia l . A root water uptake mode l
was used and w i th chang ing soi l wa te r content
the leaf water potent ia l was de te rm ined . This in
tu rn affected the s tomata i act ion, the t ranspi ra-
t i on , leaf area deve lopment , and pho tosyn -
thesis. Of course in such a dynamic s imu la t ion
there are several interact ions under w a y s imu l -
taneously and the energy balance s i tuat ion also
wou ld affect t he t ransp i ra t i on , leaf water po ten-
t ial and leaf resistance.
Ano ther example of comb in ing so i l , p lant ,
and c l imate in fo rmat ion is that of Swi f t et al .
(1975) w h o used the "P rospe r " s imu la t ion
model to de te rmine the evapot ransp i ra t ion and
drainage for a forested and a clear-cut
watershed over a 2-year per iod . The Prosper
mode l appl ies a water balance to a vegetat ion
stand and several soi l layers. Evapotranspira-
t ion as in the Mon te i th approach is concep-
tual ized as tak ing place f r om a s ing le sur face
wh ich is a comb ina t ion of the g round and all
canopy surfaces. The resistance of th is surface
to vapor d i f fus ion is related to its water po ten-
t ial . Monte i th ' s mode l is used to der ive the
vapor f l ow f rom the surface and this is equated
to the l iqu id f l o w in the soi l to the evaporat ing
surface. The equat ion for l iqu id f l o w is der ived
by app ly ing the law of conservat ion of mass and
Darcy's law. In the mode l the energy balance
equat ion is mod i f ied by inser t ing a func t ion fo r
the effect ive leaf area, because not all of a forest
canopy is equal ly act ing in the evapotranspi ra-
t ion process. The roots and the soi l in each soi l
layer w e r e interpreted as resistances in an
electr ical ne twork and ne twork analysis
techn iques we re used to der ive an equat ion fo r
the f l o w o f l iqu id water to t h e evapotranspi ra-
t i on surface as a func t ion of surface water
potent ia l . There we re no direct compar isons
possible fo r the evapot ranspi ra t ion f r o m the
forested watershed but exper imenta l data f r o m
the Coweeta Hydro log ic Laboratory showed
that the annual totals o f measured s t reamf low
were w i t h i n 1.5% of the s imu la ted drainage.
The mode l p rov ided values of water potent ia l
for the evaporat ing surface and fo r the soi l
layers. P e c k e t a l . (1977) used the same Prosper
water budge t mode l but inc luded spatial var ia-
t ion of soi l propert ies.
I th ink we wi l l see fu r ther deve lopments over
the next f e w years in the dynamic s imu la t ion o f
the so i l -p lant -a tmosphere sys tem us ing equa-
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t ions fo r the var ious processes under w a y
th roughou t the system and p rov id ing accurate
and useful i n fo rmat ion on evapot ransp i ra t ion
and dry mat ter p roduc t ion .
Monte i th (1978) notes tha t the m i n i m u m
value of rc fo r arable crops is about 40 s m
-1
comparab le w i t h values of ra. However , forests
have m u c h larger m i n i m u m values of rc, and ra
is m u c h smal ler because of the greater
aerodynamic roughness. Thus the evaporat ion
rate of intercepted rainfal l f r o m forests exceeds
that o f no rma l t ransp i ra t ion w h i l e in crops the
evaporat ion rate w o u l d be s imi lar to the t rans-
p i rat ion rate.
Thorn and Oliver (1977) c o m m e n t i n g on the
appl icabi l i ty o f the Mon te i th me thod to the
count rys ide note that the size and behav ior of
the effect ive va lue of the surface resistance for a 
regional area m u s t depend on vegetat ion type,
soi l mo is tu re defici t , amoun t of intercepted
precip i ta t ion and t i m e of year, bu t such di f f icul-
t ies need not be beyond pract ical so lu t ion . They
a l so c o n s i d e r e d t h e v a r i a t i o n o f t h e
aerodynamic resistance, ra and f o u n d that
Penman's s imp le empir ica l w i n d func t ion (eq.
2) " i s no t on ly fa i r ly realistic for a par t icu lar
surface of qu i te smal l roughness but i t can be
employed a lmost w i t h impun i t y over surfaces
of relat ively large roughness . " From their
analysis they suggest that fo r a typ ica l rural
low land area of modera te aerodynamic rough-
ness Penman's f o r m u l a (eq. 4 above) be m o d -
if ied to
E = { ∆ ( R n - G ) + 2 . 5 γ E a } / ( ∆ + 2 . 4 γ ) (10)
This equat ion was found to give better agree-
ment w i t h exper imenta l observat ions o f the
overal l evapotranspi ra t ion f r o m catchment
areas in Br i ta in.
Other people have been interested in the
est imat ion of evapot ranspi ra t ion on a large
scale us ing remote sensing. There is no doub t
that the areal extent of c ropped areas, and
probably the kind of crop g r o w i n g , the leaf area
index, and the soi l surface mo is tu re content can
all be obta ined f r o m remote sensing of the land
surface. But, in order to obta in the evapotrans-
p i ra t ion, one needs addi t ional i n fo rmat ion . Idso
et al . (1975) demons t ra ted that one could obta in
evaporat ion f r o m bare soi l i f one knew the dai ly
solar rad ia t ion and the m a x i m u m and m i n i m u m
air tempera tu res and the m a x i m u m and
m i n i m u m soil surface temperatures. The evap-
orat ion rate f r o m a mo is t soi l of course is l im i ted
by the energy supp ly but, after d r y i ng , the soi l
water t ransmiss ion affects the evaporat ion and
the soi l surface tempera tu re rises relat ive to air
tempera ture . Jackson et al . (1976) s tud ied the
t rans i t ion between the energy- l im i t ing and
soi l - l imi t ing phases. They f o u n d the surface
a lbedo was an excel lent in tegrator of t he sur-
face dryness and they we re able to par t i t ion,
f r o m the surface a lbedo, the f ract ion of the soi l
that was in the energy- l im i t ing phase f r o m that
in the so i l - l im i t ing phase of evaporat ion . The
inputs needed are a reasonable est imate of
potent ia l evapora t ion , a lbedo measurements
for we t and dry soi l before and du r i ng d ry ing ,
and a va lue for the coeff ic ient of t he square root
of t ime fo r so i l - l imi t ing evaporat ion rates (eq.
12). They used the Priestley and Taylor (1972)
app rox ima t ion fo r potent ia l evaporat ion (dis-
cussed below)
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PE =  ( R n - G ) ∆ / ( ∆ + γ ) (11)
where a, they f o u n d , var ied f r o m 1.41 in sum-
mer to 2.41 in w in ter . For the dry soi l they used
the relat ion
Es = Ct
-1 ,2 (12)
where C var ied w i th soi l t ype and w i t h season as
a result of tempera tu re ; t was the t ime in days
after the soi l became dry. They got excel lent
agreement between calculated results and
lys imeter readings w i t h th is approach.
Hei lman et al. (1977) used leaf area index
values obta ined f r o m Landsat mul t ispect ra l
data to adjust the Priest ley-Taylor evapotrans-
p i rat ion mode l for crop g r o w t h . The other input
data we re dai ly est imates of solar rad iat ion
( f rom w h i c h Rn was est imated), m a x i m u m and
m i n i m u m tempera tu re , and prec ip i ta t ion .
Mode l ou tpu ts we re potent ia l evapotranspi ra-
t i on , t ransp i ra t ion , soi l evapora t ion , actual
evapot ransp i ra t ion, dra inage, and soi l mo is tu re
in the 0 to 150 cm prof i le. Empir ical factors we re
appl ied to the evapot ransp i ra t ion mode l w h e n
the avai lable soi l mo is tu re was less than 35%.
Stone and Hor ton (1974) and Blad and
Rosenberg (1976) also have discussed exper i -
ments d o n e w i t h t h e object ive o f ob ta in ing
regional evapotranspi ra t ion us ing ET mode ls
tha t incorporate surface tempera tu re data. Blad
w h e r e e s is the saturated vapor pressure at the
tempera tu re of the surface. They got reasona-
ble agreement over alfalfa but point o u t t h a t t h e
mass transfer m o d e l , o f course, wi l l g ive in -
creasingly worse results as mo is tu re avai lable
to the crop becomes less and less and surface
tempera tu res rise.
Blad and Rosenberg (1976) also used a " r e -
sistance m o d e l " in w h i c h they subst i tu te for
the sensib le heat f lux in the energy balance
equat ion an expression that includes ra, t he
aerodynamic resistance. That is, they w r i t e
where a = constant = 1.26 was der ived f r o m
several exper iments in d i f ferent c l imates. Ju ry
and Tanner (1975) po in t ou t that the va lue of
α = 1.26 may not be the best va lue for a g iven
surface and locale, and they mod i f i ed the ex-
pression to inc lude a saturat ion def ici t t e rm to
account fo r h igh local advect ion. That is, they
proposed
where e s - e is a long- te rm mean saturat ion
def ic i t f o r a per iod w h e n advect ion is low.
They f o u n d that w i t h an exper imenta l ly -
de te rmined α the Priest ley-Taylor f o r m u l a
was as good as the Penman equat ion fo r
de te rm in ing dai ly average evapot ransp i ra t ion
f r o m wel l - i r r igated surfaces. They also f o u n d
that a correct ion for advect ion can be made to
improve est imates dn advect ive days. They
suggest th is approach to advect ion correct ion is
deserv ing of fu r ther test.
Monte i th (1978), however , notes that t he
exper iments f r o m w h i c h Priestley and Taylor
obta ined their data ranged f r o m part of the
Indian Ocean to a bean f ie ld in Wiscons in and
that McNaugh ton (1976) po in ted out that sev-
eral sets of data used by Priestley and Taylor
were inconsistent w i t h thei r o w n cr i ter ia for
saturated surfaces. Monte i th (1978) also states
tha t " t h e exper imenta l ev idence summar ized
by the rat io a = 1.26 cannot be consistent w i t h
the pr inc ip les embod ied in the Penman-
Monte i th f o rmu la unless there is very s t rong
feedback be tween the canopy resistance of
crops and the vapor pressure def ici t in the air
f l ow ing over t h e m . " He cont inues, "Perhaps
judgemen t shou ld be reserved unt i l we know
more about the interact ion of vegetat ion and
the a tmosphere. In t he mean t ime , however , i t is
p rematu re to reduce the Priest ley-Taylor for-
125
 ' = 1.0 + (  - 1 ) ( e s - e ) / ( e s - e ) (16)
LE = pCp(Ts-Ta)/ra+Rn-G (14)
where Rn = H +LE +G (15)
Thus one requires fo r th is approach ; (a) an
appropr ia te va lue of ra as a func t ion of
w indspeed , surface roughness, and stabi l i ty , (b)
the di f ference in tempera tu re between surface
and air tempera ture , and (c) d i rect ly measured
values of net radiat ion and soi l heat f lux . M o n -
te i th (1978) points out " t ha t the ma in assump-
t ion of the ' m o d e l ' — that the surface radiat ive
t e m p e r a t u r e can be ident i f ied w i t h t he
aerodynamic surface tempera tu re — has sti l l to
be r igorous ly examined and tested fo r d i f ferent
canopy s t ruc tures. " Blad and Rosenberg (1976),
however , f ound for dai ly per iods that the ag-
reement w i t h the Bowen rat io-energy balance
data was w i t h i n 1 to 10% and for 15-minute
readings du r i ng the day t ime per iods of 6 days
the corre lat ion coeff ic ient was 0.844. S tone and
Hor ton (1974) f ound that the resistance mode l
gave results 22% greater than the Bowen ratio-
energy balance compar ison . Blad and Rosen-
berg (1976) bel ieve th is was because the Bowen
ratio approach underest imates the evapotrans-
pirat ion under advect ive cond i t ions and that the
"res is tance m o d e l " probably p rov ided the cor-
rect results. The reader is referred to papers by
Rosenberg and his col leagues (e.g. B rakkee ta l .
LE = f ( u ) ( e s - e 2 0 0 ) (13)
and Rosenberg (1976) used a mass transfer
(Dalton) model for estimating evapotranspira-
tion. That is, they measured windspeed and
vapor pressure at 2 m and used a Bowen
ratio-energy balance approach to provide the
reference values needed to calibrate the wind
function in the equation.
1978) for studies on the effect of advect ion on
evapotranspi ra t ion.
An evapot ransp i ra t ion m o d e l tha t has
aroused a lot of interest in recent years is t he
s imp le f o r m u l a proposed by Priestley and
Taylor (1972). They said that fo r we l l -watered
vegetat ion under nonadvect ive cond i t ions the
potent ia l evapotranspi ra t ion (PE) may be rep-
resented by the expression
LPE =  [ ∆ / ( ∆ + γ ) ] ( R n - G ) (15)
They s h o w a reasonably g o o d re lat ionship bet-
ween a and surface soi l mo is tu re a l though
they po in t ou t that the i r approach can only be
recommended fo r bare soi ls and sha l low ly
rooted p lant covers. I t seems to th is author that
i t m igh t be better to use the Monte i th mode l
(wh ich w i l l est imate actual evapotranspi rat ion)
and express rc as a func t ion of soi l mo is tu re or
water potent ia l , rather than to correct the
Priest ley-Taylor mode l (wh ich was fo rmu la ted
to est imate the potent ia l evapotranspi rat ion) .
For a d iscussion of the re lat ionship between the
comb ina t i on mode l and the Priest ley-Taylor
fo rmu la t i on , and to the var ia t ion o f canopy
(surface) resistance w i t h mo is tu re , the reader is
referred to Davies (1972). M u k a m m a l and
Neumann (1977) were able to der ive the effect
of soil mo is tu re def ic i ts on evaporat ion f r o m a 
lys imeter and evaporat ion pan by calculat ing
the po ten t i a l evapo t ransp i ra t i on by t h e
Priest ley-Taylor f o rmu la .
There are advantages, however , to a s imp le
approach, and Sel i r io and B r o w n (1978), in a soi l
mois ture-based s imu la t ion of forage y ie ld , cal-
culate t he potent ia l evapot ransp i ra t ion by the
Priest ley-Taylor approach and then , us ing the
basic ideas of the versat i le soi l mo is tu re budget
(Baier and Robertson 1966), they par t i t ion t he
actual wa te r w i t h d r a w a l f r o m six soi l zones. The
rat io of actual to potent ia l evapot ranspi ra t ion is
adjusted con t inuous ly as water is removed
f r o m a zone and is dependent on the evapora-
t i ve demand (potent ia l evapotranspi rat ion) .
The s imu la ted soi l mo is tu re values compare
reasonably wel l w i t h measured values obtained
for six soi l types used in the mode l va l ida t ion .
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Derivation of Empirical Models to Predict
Runoff on Small Agricultural Watersheds
in the Semi-Arid Tropics
James G. Ryan and M. Pereira*
Summary
Multiple regression techniques are used to derive daily rainfall-runoff relationships 
under various soil, crop cover, land management, and agroclimatic conditions for two 
semi-arid tropical regions in south India. The fitted models were used to predict runoff on 
independent data sets, and they did so with a high degree of precision. Results suggest 
that the models can be used to estimate runoff with a minimum amount of data input. All 
that is required is information on soil types, whether the watershed is fallowed or 
cropped, area of the catchment, type of cultivation, and daily rainfall. The latter variable 
is by far the most important determinant of runoff. Alfisols had a much greater 
runoff-generating potential than Vertisols. 
One of the e lements in the des ign of imp roved
soi l- and wa te r -management technolog ies for
the semi-ar id t rop ics (SAT) is the concept of
harvest ing excess runof f f r o m smal l agr icu l -
tura l watersheds in water -s torage reservoirs (or
tanks) fo r subsequent use in supp lementary
i r r igat ion of up land crops (Kampen et al . 1974;
Krantz e t a l . 1978). In th is w a y it is p lanned to be
able to increase and stabil ize agr icul tura l pro-
duct ion in the SAT.
Because of the uncerta in nature of SAT rain-
fal l pat terns, and to evaluate the potent ia l for
water harvest ing, i t is necessary to de termine
the probabi l i ty that v iab le quant i t ies of runoff
can be harvested and made avai lable to up land
crops at t imes w h e n they can prof i tab ly respond
to supp lementary i r r igat ion. Once rainfal l -
runoff and crop y ie ld- i r r igat ion re lat ionships
are k n o w n , these can be integrated in to a 
s imula t ion mode l , as shown in Figure 1. The
economics of a water -harvest ing and supple-
mentary- i r r igat ion techno logy can be evaluated
f r o m such a mode l and strategies/decision rules
der ived to enhance the economic per fo rmance
of the system (Asfur 1972; v o n Oppen 1974;
* J. G. Ryan is Principal Economist and Leader and M.
Pereira w a s Research Techn ic ian, Economics Prog-
ram at ICRISAT.
Ryan and von Oppen 1975; Smi th 1978). These
include evaluat ion of a l ternat ive i r r igat ion t im -
ing and quant i ty ru les; decis ions as to whe ther
to save harvested runof f for postrainy season
doub le c ropp ing or to use i t dur ing mois ture-
stress per iods w i th in the rainy season; der iva-
t i on of op t ima l tank size/catchment rat ios; and
evaluat ion of seepage contro ls .
Another impor tan t appl icat ion fo r a der ived
rainfa l l - runof f mode l is convers ion of rainfal l
data in to effective rainfal l fo r use in the var ious
water-balance mode ls current ly emp loyed for
assessing crop y ie ld-soi l mo is tu re re lat ion-
ships. At present, mos t water-balance mode ls ,
such as those deve loped by Fitzpatrick and Nix
(1969) and Raman and Sr in ivasmur thy (1971),
are unab le to separate runof f and deep dra inage
f r o m the soi l prof i le.
The characterist ics of the rainfal l pat terns in
the SAT are qu i te d i f ferent f r o m those in the
tempera te regions o f the w o r l d , whe re mos t o f
the hydro log ica l runof f mode ls have been de-
ve loped . Kampen and Krantz (1977, p 21 indicate
that rainfal l intensi t ies i n t h e S A T are h igher and
interspersed w i t h unpred ic tab le d rough ts ; the
rainy season is shor t and its rainfal l h igh ly
var iable. For these reasons, and the fact that
hydro log ic research at ICRISAT Center has been
conducted on watersheds of be tween 1 and 20
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P r i ces , c o s t s o f c u l t i v a t i o n ,
v a r i a b l e c o s t s o f crops w i t h
i r r i g a t i o n
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and supp lementa ry i r r i g a t i o n
Expected va lue o f i r r i g a t i o n
Effect o f i r r i g a t i o n on r isk
Figure 1. Simulation model of returns from water harvesting and supplementary irrigation. 
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ha, der iva t ion of ra infa l l - runof f re la t ionships
us ing data generated on smal l SAT watersheds
was deemed desirable.1 Direct app l ica t ion o f
ra infa l l - runof f re la t ionships der ived in temper-
ate zones w i t h d i f ferent soi ls and agroc l imates
w a s fe l t by ICRISAT's land-and wate r -
managemen t engineers to be inappropr ia te . 2
The extensive data f r o m the hydro log ic re-
search on smal l agr icu l tura l watersheds con-
ducted at ICRISAT Center, Hyderabad, Andhra
Pradesh, f r o m 1973-74 to 1977-78, and f r o m
smal l -p lo t research at the Al l India Coord inated
Research Project for Dry land Agr icu l tu re
(AICRPDA) Sta t ion , Shoiapur , Maharasht ra ,
f r o m 1951-52 to 1966 -67 , are used to der ive
the relat ionships.
D a t a U s e d f o r Ana lys is
Three di f ferent data sets we re used in the
analysis. The f i rst consisted of the rainfal l -
runoff exper iments conducted on deep and
medium-deep Vert isol watersheds ranging in
size f r o m 0.33 to 11 hectares at ICRISAT Center
near Hyderabad f r o m 1973 to 1977. Usable dai ly
ra infa l l - runof f data were avai lable fo r 41
watershed-years in th is data set, consist ing of a 
tota l of 2531 dai ly rainfal l events.
The second data set was f r o m the same
locat ion, bu t was der ived f r o m rainfal l - runoff
exper iments conduc ted on the smal l A i f iso ls
watersheds. The data cover the 2 crop years
1975-76 and 1976-77, and consist of 11
watershed-years conta in ing 839 dai ly rainfal l
observat ions. Sizes of the exper imenta l water-
sheds on t he Ai f iso ls vary f r o m 0.33 to 5 
hectares.
The exper iments at ICRISAT Center we re
des igned to study, a m o n g other th ings , the
inf luence of var ious factors on the hyd ro logy of
smal l watersheds. Ma jo r factors cons idered in
the var ious t reatments w e r e soi l t ype , me thod
of cu l t i va t ion , s lope, type of bund ing , vegeta-
1. In the past, runof f measurements in the SAT have
general ly been m a d e on p lo ts less than 0.01 ha in
size. Except ions inc lude the work of Kowa l (1969)
in Niger ia.
2. Personal commun ica t i on f r o m J. Kampen . A 
typ ical example of ex is t ing mode ls is that of
Hyd rocomp Internat ional (1972).
t i ve cover, and watershed size.3 Measur ing the
runof f potent ia l of smal l watersheds under
these var ious t reatments was one of the p r ima-
ry object ives of the ICRISAT exper iments re-
ported in th is paper.
The th i rd set o f data w a s der ived f r o m the p lot
exper iments conducted f r o m 1951 to 1967 at the
Shoiapur Research Stat ion of the Al l - India
Coordinated Research Project for Dryland A g -
r icul ture in Maharashtra. The plots var ied in size
between 0.0017 and 0.0068 hectares and were
des igned p r imar i l y to measure soi l losses on
Vert isols under var ious land t reatments . Data
on both runof f and soi l erosion we re col lected.
A to ta l of 14 114 dai ly rainfal l events were
recorded over all years and p lo t t reatments . The
t rea tments inc luded a var iety of c ropp ing pat-
terns generat ing d i f ferent levels of vegetat ive
cover, var ious rates of vegetat ive mu lch ing ,
methods of cu l t iva t ion, and types of bund ing .
Hyderabad is located approx imate ly 78°E
long i tude and Shoiapur at a round 75°E. Both lie
at 17°N lat i tude. The fo rmer has an average
annual rainfal l o f 764 mm (1931-1960) wh i le
Shoiapur has 742 mm (undated). Both locat ions
have a s l igh t ly b imoda l rainfal l pat tern w i th a 
coeff icient of var iat ion of 2 6 . 1 % fo r Hyderabad
and 28.6 fo r Sho iapur (V i rmani et al., 1978, p 8).
Dur ing the respect ive exper imenta l per iods,
the ICRISAT Center site had an average rainy
season rainfal l of 803 m m , wh i l e at Sho iapur i t
was 637 mm (Table 1). Rainfal l f r o m June to
October on the ICRISAT Vert isols generated
around 14% runof f w h e n averaged over all
t rea tments (Table 2); on Ai f iso ls , average runof f
to the extent o f 2 1 % was generated. Runoff on
the Shoiapur Vert iso ls (at a round 10%) w a s
m u c h less than on ei ther of the soi l types at
ICRISAT Center. Septem ber was the peak runof f
m o n t h at all th ree sites.
The tendency fo r the Ai f iso ls to generate
m o r e runof f than the Vert isols is fu r ther i l lus-
t rated by the fact that 35% of the rainfall events
occurr ing on these watersheds at ICRISAT
Center generated runoff . Comparab le f igures
for the Vert isol watersheds at ICRISAT Center
and the Sho iapur Vert isol p lots we re 21 and
13%, respectively. The average number of ra in-
3. For m o r e detai ls on these exper iments , see the
annual reports of t he ICRISAT Farming Sys tems
Program.
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Table 1. Average monthly rainfall during ex-
per imenta l periods at ICRISAT
Center and AICRPDA Sholapur.
Rainfal la
ICRISAT Center AICRPDA Sholapur
M o n t h (mm) (mm)
June 86 107
Ju ly 170 139
A u g 207 140
Sept 181 174
Oct 159 77
Total rainy
season 803 637
a. At ICRISAT Center, the per iod of record was 1973-1977; at
Sholapur i t was 1951-1967.
fal l events per year (around 70) was approx i -
mate ly the same at all three centers. On an
average, on ly 25 mm of dai ly rainfal l was
required to generate runoff on the ICRISAT
Center A l f iso ls , compared w i t h 30 and 36 mm
on the ICRISAT Center Vert isols and the
Sholapur Vert isols, respect ively.4
On these types of exper iments , par t icu lar ly
those on the f ield-scale watersheds at ICRISAT
Center, many var iables in f luence the runof f
process and interact together to generate the
observed runoff. For example , the watershed
having a t reatment of 0.4% slope on a b road -
bed-and- fur row system may have a h igher
propor t ion o f long-dura t ion crops than the
watershed hav ing broadbeds and f u r rows on a 
0.6% slope. Hence, the di f ferences in runof f
between these t w o t reatments wi l l not be at-
t r ibu tab le solely to the di f ferences in s lope, bu t
also to di f ferences in vegetat ive cover. One
must f i rst adjust the runof f for the effects of the
latter before a t tempt ing to measure the effects
of the fo rmer . Mul t ip le- regress ion techniques
a l low th is to be done, and the balance of th is
paper describes the procedures and tests used
to der ive acceptable equat ions — wh i ch predict
dai ly runof f w i t h a h igh degree of precis ion — 
f rom the above exper imenta l data.
4. A mo re detai led descr ip t ion of the data,
me thodo logy , and results of th is s tudy can be
found in Ryan and Pereira (1978).
Many di f ferent funct ional f o r m s descr ib ing the
precise re lat ionship in equat ion (1) were
examined , and their relat ive eff iciency in predic-
t ion measured. Linear, quadrat ic , semicubic ,
cubic, square root, logist ic f o r m s all w i t h and
w i thou t in teract ion te rms between the deter-
minist ic and stochastic var iables, we re tested.
The range of var iables t r ied in the var ious
regression equat ions were as fo l l ows :
• Daily runoff (mm/day) (RO t )
• Daily rainfal l (mm/day) (RF,)
• Antecedent rainfal l (mm/day)
5. See, fo r example , Amaracho (1967).
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(ARt = Σ RF t - i)
• Peak rainfal l intensi ty (mm) du r ing the
peak 15-minute per iod of the dai ly rainfal l
event (PRI t)
• A v e r a g e r a i n f a l l i n t e n s i t y ( m m ) — 
measured as tota l dai ly rainfal l per hour of
rain (ARI t )
• Vegetat ive cover — measured as an in -
creasing index after s o w i n g ; reaches a 
m a x i m u m of 100 w h e n crops reach their
m a x i m u m leaf area index, and then de-
cl ines to zero as leaf d rop and harvest
occur (VC t )
M e t h o d o l o g y
The basic object ive of th is part of the research
was to ident i fy the funct iona l f o r m s and spec-
i f icat ions of var iables tha t wi I I generate the best
predict ions of runof f on an independent data
set. Hydro log ica l know ledge does not offer
clear guidel ines as to the f o r m of the func t iona l
re lat ionship between runoff and its de te rmi -
nants. I t does suggest that, s y m b o l i c a l l y 5
RO = f ( X i , W j ψ) (1)
where RO = runoff (mm/day)
X i = vector of determin is t ic var iables
such as vegetat ive cover, t ype of
cu l t ivat ion, size of watersheds
W j = vector of stochastic var iables such as
daily ra infa l l , rainfal l intensi ty
ψ = random error
5
i = 1 
Table 2. Average monthly runoff on Vertisols and Alfisols at ICRISAT Center and on Vertisols at
Sholapur during experimental periods.
a
ICRISAT Center AICRPDA Sho lapur
Vert isols Al f isols Vert isols
M o n t h
Runoff
(mm)
Percent to tota l
ra in fa l l 6
(%)
Runoff
(mm)
Percent to tota l
rainfal lb
(%)
Runoff
(mm)
Percent to total
rainfal lb
(%)
June
July
A u g
Sept
Oct
5.1
6.9
25.7
43.5
31.3
5.9
4.1
12.5
24.0
19.7
0.4
30.6
60.9
69.0
21.3
0.5
14.3
27.7
29.2
21.2
13.4
9.3
6.8
26.0
7.1
12.5
6.7
4.9
14.9
9.2
Total 112.5 14.0 182.2 20.6 62.6 9.8
a. At ICRISAT Center, the Vert iso l data relate to the 4 years 1973-1977 ; the Al f iso ls to the 2 years 1975-1977. The Sholapur
Vert isol data relate to t he 16-year per iod 1951-1967.
b. Total J u n e - O c t o b e r rainfal l only.
• Soi l t ype — Al f iso ls or Vert isols
• Type of cu l t ivat ion — t rad i t iona l f lat cu l t i -
va t ion (FC)6 or r idges and f u r r ows on
graded contours of var ious s lopes
• Type of bund ing — t r a d i t i o n a l f ie ld bunds
(F), contour bunds (C), graded bunds (G),
or no bunds. 7
• Area of runof f p lots or watersheds (ha) (A)
• Soi l dep th (cm) (D)
• A g e of watershed — in years after ini t ial
land shaping (N)
• Mu lch ing — quant i ty of mu lch appl ied in
(ton/ha) (M)
A n u m b e r of cri teria w e r e emp loyed to
select f r o m amongs t the d i f ferent mode ls and
var iab le spec i f i ca t ions t r i e d . First ly , t he
rainfa l l - runof f data f r o m each of the three sites
were d iv ided in to t w o halves a t r andom. The
data f i le conta in ing all the ODD-numbered ob-
servat ions was used to f i t the mu l t ip le regres-
s ion equat ion . The data f i le conta in ing all t he
EVEN-numbered observat ions was then used to
test the abi l i ty o f the O D D regression to accu-
6. Set up as d u m m y (0, 1) var iables S4 , S6 , S8 , S1 0 ,
represent ing slopes of 0.4, 0.6, 0.8 and 1.0%,
respect ively.
7. Set up as d u m m y var iables.
rately predict runoff on the EVEN data set.
To test the eff ic iency w i th wh i ch di f ferent
mode ls and speci f icat ions predicted runof f on
the EVEN f i le, Thei l 's (1965 pp 31-37) inequal i ty
coeff ic ient (or U-statistic) was emp loyed , a long
w i t h sums of abso lu te annual l inear dev iat ions,
and sums of squared deviat ions of ind iv idua l
observat ions. The U-statistic is def ined in equa-
t i on (2):
Where P1 (i = 1, 2, n) are the predic ted
values of n observat ions and A1 are the corres-
pond ing actual values. The lower l im i t of U is 0,
imp ly ing perfect p red ic t ion , and the upper l imi t
is 1.
Thei l decomposed the U-statistic into th ree
componen ts , U m , U s , and U c . He te rmed these
part ia l - inequal i ty coeff ic ients due to unequal
central tendency (bias), unequal var ia t ion (var-
iance), and imper fect covar ia t ion (covariance),
respectively. This decompos i t i on of U is impor -
tant w h e n U does not tu rn out to be zero, w h i c h
is a lmost a lways the case. The mos t desi rable
values for U m , U s, and U c w h e n U = 0 are 0, 0,
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and 1, respect ively. This conf igura t ion means
that systemat ica l ly repeated errors have been
e l im ina ted and that errors in pred ic t ion are
unsystemat ic and cannot be imp roved by re-
speci f icat ions o f the mode l . 8
Resul ts f o r I C R I S A T C e n t e r
Ver t i so ls
D a t a T r u n c a t i o n
The reg ion of economic impor tance in the
rainfa l l - runof f process for eva luat ion of water-
harvest ing and supp lementary- i r r iga t ion po-
tent ia ls are those rainfal l events generat ing
substant ia l quant i t ies o f runoff . As abou t 8 0 %
of the rainfal l events on the Vert isols at ICRISAT
Center du r ing the 4 years s tud ied generated nil
runoff , we examined the predic t ive accuracy of
funct ions f i t ted us ing both the 0 p lus non-0
runof f data (ZNZ) as we l l as on ly the non-0 (NZ).
Each of these was randomized into an ODD and
EVEN half to enable va l ida t ion to be made.
We f i rst t r ied a s imp le mode l invo lv ing dai ly
rainfal l as the on ly explanatory var iable, as the
s imp le corre lat ion coeff ic ient be tween dai ly
runoff and dai ly rainfal l was 0.83.9 This is akin to
the procedure used by Douglas (1974).
The f o r m o f the s imp le m o d e l was :
RO t = α + β ( R F t ) 2 (3)
The U-statistics and the error sum of squares
for Equat ion (3), f i t ted using the t runcated data
set ( O D D NZ) and pred ic t ing on t he t runcated
data set (EVEN NZ), were m u c h lower than the
alternat ives at 0.25.10 The same was t rue w h e n a 
more comp le te mode l such as shown in Equa-
t ion (4) was f i t ted. 1 1
8 . D e t a i l s o f t h e c a l c u l a t i o n o f t h e t h r e e c o m p o n e n t s
c a n b e f o u n d i n R y a n a n d P e r e i r a (1978 ) .
9. U s i n g o n l y N Z r u n o f f o b s e r v a t i o n s .
10. T h a t i s e q u a t i o n 3 d e r i v e d u s i n g e i t h e r O D D N Z
a n d p r e d i c t e d o n E V E N Z N Z , o r d e r i v e d u s i n g O D D
Z N Z a n d p r e d i c t e d o n b o t h E V E N Z N Z o r E V E N N Z .
1 1 . A d d i t i o n o f v a r i a b l e s N a n d D t o E q u a t i o n 4 ,
r e p r e s e n t i n g a g e o f t h e w a t e r s h e d a n d a v e r a g e
s o i l d e p t h , r e s p e c t i v e l y , h a d n o e f f e c t o n p r e d i c -
t i v e a c c u r a c y . T h e r e c o e f f i c i e n t s a l s o w e r e n o t
s t a t i s t i c a l l y s i g n i f i c a n t .
The U-statistic in the case of Equat ion (4) f i t ted
w i th O D D NZ data and predic ted on the EVEN NZ
set was lowest at 0.24. As a result of th is , i t was
decided tha t subsequent mode l tes t ing w o u l d
be done only w i t h the t runcated NZ data sets.12
C h o i c e o f E x p l a n a t o r y V a r i a b l e s
The s igni f icant po in t , compar i ng the perfor-
mance of Equat ions (3) and (4) in these Ver t iso l
data f r o m ICRISAT Center, is that the s imp le
mode l pe r fo rmed a lmost as we l l as t he c o m -
plete mode l . The average absolute l inear error
of pred ic t ion of annual runof f w i t h both mode ls
was a round 16%. The average error, tak ing all 4 
years together , was less than 3%.
W h e n we tested t h e effect o f de le t ion o f the
bund var iables f r o m Equat ion (4), all o f wh i ch
had nons ign i f icant regression coeff ic ients at
the 5% level , we f ound that the predic t ion
results (U-stat ist ics, l inear errors, and sums of
squared errors) w e r e v i r tual ly ident ical . Hence
these bund var iables were deleted f r o m fur ther
considerat ion.
Most of the coeff ic ients on the r idge-and-
fu r row s lope var iables (S4 , S6, S8, and S10) in
Equat ion (4) were not s igni f icant at the 5% level.
However , as the absolute average annual error
o f p red ic t ion was about half w h e n they we re
inc luded in the mode l as w h e n they we re left
out , i t was dec ided to retain t h e m . The
U-statistics and error sums of squares of predic-
t ions were a lmost the same in the t w o cases,
however .
We also tested for interact ion effects on
runof f be tween s lopes o f r idges and f u r r o w s
and rainfal l . To do th is we compared Equat ion
1 2 . T h i s i m p l i e s t h a t w h e n s u c h m o d e l s a r e s u b -
s e q u e n t l y u s e d f o r s i m u l a t i o n r u n o f f f r o m h i s t o r -
i ca l r a i n f a l l d a t a , t h e r a i n f a l l d a t a m u s t f i r s t b e
t r u n c a t e d t o r e m o v e o b s e r v a t i o n s l e s s t h a n t h e
c r i t i c a l m i n i m u m l e v e l o f d a i l y r a i n f a l l r e q u i r e d t o
g e n e r a t e N Z r u n o f f . T h i s w i l l b e t r e a t e d f u r t h e r
l a t e r .
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(4) w i t h one w h e r e each s lope var iab le w a s
interacted w i t h (RF t )
2 and added to Equat ion
(4). The U-statistic fo r the interact ion mode l was
0.32 compared w i t h 0.24 fo r Equat ion (4). The
error sum of squares w a s 55% h igher fo r the
interact ion m o d e l , and the average annual
l inear error was 25% fo r the in teract ion, c o m -
pared w i t h 17% fo r Equat ion (4). Systemat ic
errors (covar iance, U c ) we re 17% higher w i th
the in teract ion m o d e l . We hence dec ided to
uti l ize a non in teract ion mode l fo r fu r ther
analysis.
Rainfal l intensi ty is postu la ted to be a p r ime
dete rminan t of runoff. T ime-ser ies data on rain-
fal l in tensi ty in the SAT are general ly not avail-
able. Hence we endeavored to deve lop an
empi rca l mode l that w o u l d predict runof f w i t h
suff ic ient accuracy in the absence of var iab le
measur ing rainfall intensity. The add i t ion of
either average (ARI t ) or peak ra infa l l - in tensi ty
(PRI t) v a r i a b l e s t o t h e s i m p l e mode l in Equat ion
(3) had v i r tua l ly no effect on U-statist ics, l inear
errors, or on error sums of squares. The
coeff icient on A R I t w a s negat ive but not stat is-
t ical ly s ign i f icant at the 5% level . Tha t on PRI t
had the expected posi t ive s ign and was sig-
ni f icant at the 5% level.
The add i t ion o f ARI t to the comple te mode l
Equat ion (4) d id not imp rove pred ic t ions, but
the add i t ion of PRI t decreased the U-statistics
marg ina l ly f r o m 0.24 to 0.23, reduced the sys-
temat ic error by 5 percentage po in ts , and the
absolute l inear annual errors f r o m 17 to 10%.
Error sum of squares fel l only marg ina l l y , by
3%. Hence, wh i le inc lus ion of PRI t does im-
prove predictabi l i ty on these Vert isols at IC-
RISAT Center, the absence of data on it is not
l ikely to marked ly affect the accuracy of s imu -
lated runof f predic t ions.
Examinat ion of dai ly runof f pred ic t ions on
EVEN NZ f i les us ing ei ther Equat ion (3) or Equa-
t i on (4) showed that one of the largest s to rms in
the data set (10 Oct 1974) was consistent ly
underpred ic ted. Th is 80 -mm s torm showed the
highest peak intensi ty, 25 mm/15 minu tes , over
all 4 years and generated an average runoff of
65 m m . Even the mode ls w h i c h inc luded a PRI t
var iab le pe r fo rmed no better in t e rms of predict -
ing th is part icular runof f event. A test w a s made
to de te rmine i f regress ion equat ions f i t ted by
delet ion of th is out l ier s to rm gave imp roved
predic t ions of the other runof f events. The
reg ress i ons—Equa t i ons (3) and (4) w i t h o u t
PRI t inc luded — f i t ted f r o m the deleted O D D NZ
fi les and used to predict on t he nondele ted EVEN
NZ f i les gave marg ina l ly reduced absolu te er-
rors, bu t increased the U-statistics f r o m 0.24 to
0.25 and the systemat ic errors by 12 percentage
points.
W h e n Equat ions (3) and (4) we re f i t ted (in-
c lud ing PRI t as a variable) us ing the deleted
ODD NZ f i le , the coeff ic ient on PRI, became
nonsigni f icant . This suggests that , in all but the
major s to rms, peak intensi ty does not p lay a 
major ro le in de te rm in ing runoff. W h e n these
regressions we re used to predict runof f in t he
nondeleted EVEN NZ f i le, there was v i r tua l ly no
improvemen t over the mode ls f i t ted w i t h o u t
PRIt in t hem.
Th roughou t the analysis so far, we have
ment ioned only the quadrat ic f o rmu la t i on of
the rainfal l var iable. I t was compared w i t h
linear, cubic, semicubic , and logist ic func t ions
in both the s imple and comple te Equat ions (3)
and (4). The quadrat ic a lways had the h ighest
coeff ic ient of mu l t ip le de te rmina t ion (adjusted
fo r degrees of f reedom) of a round 0.83, gener-
ally the lowest absolute l inear annual errors of
predict ion (17%) and U-statistics (around 0.24),
and the lowest error sum of squares. Surpr is-
ing ly , t he l inear f o r m for ra infa l l , us ing a com-
plete mode l Equat ion (4) f o rmu la t i on , had the
lowest of all systemat ic errors at 0 . 1 % . How-
ever, its U-statistic was 0.28 and error sums of
s q u a r e s w e r e m u c h h i g h e r t h a n t h e
quadrat ic — hence the latter was emp loyed in
all subsequent analysis. A var ia t ion of Equat ion
(4), invo lv ing interact ions be tween (RF t )
2 and
all o ther var iables, gave s l ight ly smal ler l inear
predic t ion errors than Equat ion (4), bu t was
rejected because of its h igher U-statistic (0.30)
and substant ia l ly h igher error sum of squares
and systemat ic error (33%).
134
Alternative specifications to [ β 4 ( A R t )
+ β5 ( A R t )
2 ] used in Equation (4) for antecedent
rainfall condit ions were evaluated. These
and the precipitation index
of Shaw (1963)
four variants tried in place of the original in
Equation (4) , the third-namely
was marked ly super ior . I t w a s also far supe-
r ior to the or ig ina l f o rmu la t i on in Equat ion
(4). It had a U-statistic of 0.18, an R-2 of 0.90, a 
systematic error of only 7%, and the lowest error
sum of squares. It was also superior to fo rmu-
lations where the (RF t )
2 variable was replaced
wi th either linear, cubic, or semicubic terms along
wi th the reformulated antecedent-rainfall specif i-
cat ion. The selected model, wh ich we wi l l term
ROVEHY (Runoff for Vertisols at Hyderabad), is
presented in Table 3.
A p p l y i n g C o r r e c t i o n / C o n s t r a i n i n g
Factors
The only antecedent rainfal l in teract ion in
ROVEHY w i t h pos i t ive l inear and squared
coeff ic ients was (RF t • R F t - 4 ) . The interact ion
(RFt • RF t - 3 ) h a d a negat ive coeff ic ient on the
l inear t e r m and a posi t ive coeff ic ient on the
squared t e r m , imp l y i ng a U-shaped effect on
runoff. A l l other antecedent interact ions had
posi t ive coeff ic ients on the l inear t e rms and
negat ive on the squared te rms , imp l y i ng a 
n -shaped effect on runoff . As hydro log ic
theory suggests there can be no phase w h e r e
increased antecedent rainfal l leads to less
runoff , we decided (for purposes of emp loy i ng
ROVEHY fo r s imula t ion exercises) to speci fy
that whenever the values of the antecedent
rainfal l in teract ion te rms fal l in to that range we
w o u l d constra in t h e m either to zero [ i f thei r
Table 3. Selected model (ROVEHY) for runoff prediction (mm/day) on Vertisols at ICRISAT Center.
Hyderabad.
Explanatory variables Coefficients
Standard errors
of coefficients
(Daily ra infa l l t )
2 (mm 2 / day ) 0 .00384366** 0.0002432
(Vegetative cover index) t - 0 . 0 2 6 2 0 9 2 0.01364
Area of catchment (ha) - 0 . 4 6 8 3 4 1 0.3488
Ridge & furrow slope 0.4%a - 3 . 5 0 0 1 0 1.9905
0.6%a - 3 . 5 1 2 2 5 2.1924
.. 0.8%a 2.49149 3.2118
1.0%a - 2 . 8 1 7 1 8 3.0137
Flat cult ivation* 0.50112 2.0287
(Daily ra in t ) (Daily r a i n t - 1 ) 0 . 0 1 3 0 4 2 1 * * 0.00218
( " " ") ( " " t-2) 0.00638437 0.00331
( " " ") ( " " t-3) - 0 . 0 0 4 4 1 5 5 0.00518
( " " ") ( " " t-4)
0.0003836 0.00825
( " " ") ( " " t-5)
0.0044443 0.00348
( " " ") ( " " t-6)
0.0137537* 0.00635
( " " ") ( " " t-7)
0 .0070792** 0.00241
[ (Da i l y rain t) (Daily r a i n t _ 1 ) ]
2 - 0 . 1 7 7 x 1 0 - 5 * * 0.0534 x 1 0
- 5
[ ( " " " ) ( " " t - 2 ) ]
2 - 0 . 4 2 1 x 10 -5 * * 0.120 x 1 0 - 5
[( " " " ) ( " " t-3)]
2 0.1918 x 1 0 - 5 0.377 x 10-5
[( " " " ) ( " " t-4)]
2 0.2829 x 10-5 1.066 x 1 0 - 5
[( " " " ) ( " " t-5)]
2 - 0 . 0 5 5 4 x 1 0 - 5 0.102 x 10-5
[( " " " ) ( " " t-6)]
2 - 1 . 8 1 0 x 10 - 5 * * 0.575 x 10
-5
[( " " " ) ( " " t-7)]
2 - 0 . 1 3 8 9 x 1 0 - 5 * 0.0580 x 10
-5
R2 = 0.90 n = 2 5 8
* a n d * * represent significance at the 5% and 1 % levels, respectively.
a. These are set up as dummy (0, 1) variables. When the effect of any one of them is being evaluated the variable takes the value 1 and all
the other 4 variables take the value 0.
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actual va lues we re less than the va lue generat-
ing a m i n i m u m po in t (1151 in the case of
RF t•RFt-3)] or to their m a x i m u m values (3684,
758, 4010, 380, and 2549) in t h e case of
RF t •RF t _ 1 R F t • R F t - 2 , RF t •RF t _ 5 . R F t • R F t - 6 ,
and R F t • R F t - 7 , respectively.
Having selected the constra ined ROVEHY
mode l in Table 3 for Ve'rtisols at ICRISAT Center,
we generated actual , A, and pred ic ted, P, runof f
d is t r ibu t ions f r o m the ODD NZ f i le , us ing as class
intervals the predic ted runoff . We then est i-
mated the average pred ic t ion error fo r each
class "k" of predic ted runof f as (Ak Pk) . For
runof f events of less than about 1 m m , the
selected mode l led to underpred ic t ions (i.e.
A k P k >0 ) . For runof f events greater than about
1 m m , the const ra ined ROVEHY m o d e l tended
to overpredic t up to about 40 mm of runoff .
Thereafter i t again underpred ic ted. To deter-
mine i f a second- round cor rec t ion to the m o d e l ,
based on these residuals, w o u l d i m p r o v e the
mode l ' s predic t ive power on the other EVEN NZ
f i le, we inst i tuted a procedure w h i c h added the
mean underpred ic t ion in each class interval
w h e r e underpred ic t ion occurred on the O D D NZ
f i le , and w h i c h subt racted the mean overpredic-
t i on fo r t he other class intervals. W h e n the
resul t ing pred ic t ion error d is t r ibu t ion on the
EVEN NZ f i le was compared w i t h the or ig ina l
d is t r ibu t ion , i t w a s obv ious that the cor rec t ion
factors substant ia l ly reduced the errors. Th is
w a s borne ou t f r o m the U-statistic, w h i c h fel l
f r o m 0.20 on the const ra ined ROVEHY before
correct ion, to 0.17 after correct ion. The error
sum of squares fel l by 10% and the aver-
age l inear error f r o m 25 to 10%. 1 3 However ,
at the same t ime , the systemat ic error increased
by about 6 percentage po in ts — f r o m 1 to 7. In
v i ew o f the other imp rovemen ts f r o m app ly ing
correct ions, i t w a s decided to proceed w i t h the
13. W h e n t h e same correct ion p rocedure w a s per-
f o rmed on the unconst ra ined ROVEHY m o d e l , t he
U-statistic fel l to 0.14. The error s u m of squares
was 3 0 % less than the corrected const ra ined
ROVEHY m o d e l . However , t he systemat ic error o f
the unconst ra ined ROVEHY after correct ion was
much h igher a t 2 5 % (compared to 7% for the
constra ined ROVEHY). Due to the latter, p lus the
theoret ica l a rgument ci ted earl ier, i t was dec ided
to ut i l ize the const ra ined ROVEHY fo r fu r ther
analysis.
addi t ion of these, in sp i te of the increased
systemat ic error. The correct ion factors are
listed in Table 4. The corrected/constra ined
ROVEHY mode l w i l l be referred to a CROVEHY.
The CROVEHY mode l was used to predic t
runof f on a number of Vert isol watersheds at
ICRISAT Center in 1977-78.1 4 Four a l ternat ive
data t runcat ion rules were examined to deter-
m i n e w h i c h gave the best pred ic t ion. Runoff
was predicted us ing CROVEHY fo r 1977-78
storms, w i t h dai ly rainfal l greater than the
f o l l o w i n g :
1. the mean of the s to rms wh i ch generated
zero runof f in the or ig inal exper imenta l
data (6.8 m m )
2. the above mean , plus one s tandard devia-
t i on (14.7 m m )
3. the above mean , plus t w o s tandard devia-
t ions (22.6 m m )
4. the above mean , p lus three s tandard de-
v ia t ions (30.0 mm) .
General ly, the best pred ic t ions for 1977-78,
w h i c h was not a h igh rainfal l year, occurred
Table 4. Correction factors to be applied to
the constrained ROVEHY model to
improve runof f predict ions
(CROVEHY).
Class intervals of predic ted dai ly
runof f f r o m constra ined ROVEHY
Correct ion
factors
(mm/day) (mm/day)
- 8 . 0 0 to - 4 . 0 1 +6.17
- 4 . 0 0 to - 2 . 0 1 +3 .34
- 2 . 0 0 to 0.00 + 2.38
0.01 to 1.00 + 0.35
1.01 to 2.00 - 0 . 0 1
2.01 to 5.00 - 0 . 6 3
5.01 to 10.00 - 3 . 2 4
10.01 to 15.00 - 9 . 5 7
15.01 to 20.00 - 8 . 4 2
20.01 to 30.00 - 7 . 9 7
30.01 to 40.00 - 1 . 6 5
40.01 to 50.00 - 6 . 1 4
50.01 to 200.00 0
14. Recall that t he 1977 -78 rainfal l - runoff data w e r e
not used in the es t imat ion of CROVEHY.
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w h e n the fou r th data t runcat ion procedure w a s
used. Hence we suggest app ly ing CROVEHY
only for dai ly-ra infa l ls in excess of 30 mm on
ridges and f u r r ows and 22 mm on f lat cul t iva-
t ion . Runoff of zero is predicted fo r s to rms of
th is size or less on Vert isols at ICRISAT Center.
One of the st r ik ing po in ts in the w h o l e
analysis fo r these Vert isols at ICRISAT Center
was the consistency in the size and s ign of the
Coeff icient on (RF t )
2 , no mat ter wha t other
var iables or speci f icat ions were used in the
e q u a t i o n . I t g e n e r a l l y t o o k a v a l u e
around + 0.0045. In the absence of data on
other var iables, th is m igh t be used as a f i rst
app rox ima t ion to the runof f coeff ic ient on soi ls
s imi lar to the Vert isols at ICRISAT Center and
where the rainfal l pat tern is also simi lar .
Results fo r S h o l a p u r Ver t iso ls
The procedures used to der ive a predic t ion
equat ion f r o m the m o r e extensive runof f data
avai lable fo r the Sho lapur Vert isols we re v i r tu -
al ly ident ical to those used on t he Vert isols at
ICRISAT Center. Except f o r one addi t ional var i -
able, represent ing mu lch ing t rea tments g iven
at Sholapur but no t at ICRISAT Center, t he
var iables and the f inal selected speci f icat ion of
the runof f mode l was the same fo r the t w o
locat ions. Of course, the coeff ic ients on the
var iables w e r e di f ferent . The f inal equat ion
(ROVESH), chosen to represent runo f f on the
Vert isols of Sho lapur , is presented in Tab le 5.
In the appl icat ion of ROVESH, constra ints on
the antecedent rainfal l in teract ion te rms shou ld
be appl ied, as was the case for CROVEHY. W i th
ROVESH, i f the va lues of RF t •RF t - 3 and
RF t•RF t - 4 , are less than 1204 and 713, respec-
t ive ly , they are taken as 0 — because these are
min ima. I f their values exceed 1204 and 713, the
actuals are used. I f the values of RF t •RF t - 1 ,
RF t•RFt t -2, and RF t•RF t - 6 exceed 4810, 10 156,
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Table 5. Selected model (ROVESH) for runoff prediction (mm/day) on Sholapur Vertisols.
Explanatory variables Coefficients
Standard errors
of coefficients
(Daily ra infa l l t )
2 (mm 2 /day ) 0 .0019854** 0.0001
Vegetative Cover index), - 0 . 0 3 6 9 5 5 5 * * 0.00796
Area of plot (ha) - 1 0 0 1 . 5 5 * * 184.74
Flat cult ivation8 8.73175** 0.969
Mulch ing ( tonnes/ha) - 0 . 8 9 5 7 5 4 * * 0.168
(Daily rain,) (Daily r a i n t - 1 ) 0.000976184 0.000715
( " " ") ( " " t-2) 0.00229525* 0.00111
( " " ") ( " " t - 3 )
- 0 . 0 0 1 3 7 9 1 3 0.000958
( " " ") ( " " t - 4 )
- 0 . 0 0 8 5 9 5 3 9 * * 0.00284
( " " ") ( " " t-5)
0.00224592 0.001209
[( " " ") ( " " t-6)]
2 0.00141985 0.001072
[( " " ") ( " " t-7)]
2 0.00430554* 0.001869
[ (Da i l y ra in t ) (Daily r a i n t - 1 ) ]
2
- 0 . 0 1 0 1 4 5 8 x 10-5 0.0154 x 10
-5
[ ( " " " ) ( " " t - 2 ) ]
2 - 0 . 0 1 1 2 9 2 6 x 1 0 - 5 0.0375 x 10-5
[( " " ") ( " " t-3)]
2 0.057279 x 10-5** 0.0155 x 10
-5
[( " " ") ( " " t-4)]
2 0.602437 x 1 0 - 5 * 0.2615 x 10-5
[( " " ") ( " " t-5)]
2 0.0333569 x 1 0 - 5 0.0243 x 10-5
[( " " ") ( " " t-2)]
2 - 0 . 0 7 5 2 1 8 8 x 10 - 5 * * 0.01885 x 10-5
[( " " ") ( " " t-2)]
2 0.0826648 x 10-5 0.0772 x 1 0 -
5
R2 = 0.67 n = 868
* and ** represent significance at the 5% and 1 % levels, respectively.
a. This dummy variable takes the value of 1 when there is flat cult ivation and of 0 if there are ridges and furrows.
and 937, respect ively, t hen these m a x i m a are
emp loyed . I f they are less than these m a x i m a ,
actual values are emp loyed . There are no re-
str ict ions on RF t •RF t - 5 and RF t•RF t - 7 , as these
are monoton ica l l y increasing funct ions .
App l ica t ion of residual correct ion factors to
the Constrained ROVESH model resulted in a 
s l ight increase (0.29 to 0.30) in the U-statistic, a 
1% reduct ion in error sum o f squares, and
sl ight ly improved l inear predic t ions. Hence the
constrained/corrected ROVESH mode l was
selected as best represent ing the r u n o f f pro-
cess in the Sho lapu r Ver t iso ls . Constra ined
ROVESH shou ld be used fo r dai ly runof f equal
to or greater than 36 m m . For dai ly runof f less
than th is , runof f on Sho lapur Vert isols is esti-
mated to be 0.
We used the Constrained ROVESH model in
Table 5 to predict runof f on the ICRISAT Center
Vert isols, emp loy ing the actual ra infa l l - runof f
data fo r t he 4 years of exper iments there. We
also d id the reverse — namely , used Con-
strained ROVEHY on the Sho lapur Vert isol ac-
tua l ra infa l l - runof f data. There are many d i f f icu l -
t ies in do ing this. First of al l , the size of the
runof f p lots we re marked ly smal ler in Sholapur.
Hence one sees a coefficient on area of -1001.55
in CROVESH and only -0 .468341 in CROVEHY. It
is obv ious that these area coeff ic ients are
appl icable on ly over the range of data used to
der ive t h e m . Hence fo r cross-predict ions, we
used the mean of the plot areas in Sholapur
when applying Constrained ROVESH to ICRISAT
Center, and vice versa for constrained ROVEHY.
When predicting for Sholapur wi th CROVEHY,
i t was also assumed the effect of mu l ch was
simi lar to fu l l vegetat ive cover, and that the
average s lope o f r idges and f u r rows was 1 % .
When predict ing fo r ICRISAT Center w i t h
CROVESH, mu l ch was assumed to be zero, and
the compar ison was made us ing f lat cu l t iva t ion
only, as there was no var iable fo r s lopes of
r idges and f u r rows in Constra ined ROVESH.
Results of the cross-predict ions showed that,
after f i rs t - round correct ions, CROVEHY used on
the Sho lapur data had a U-statistic of 0.38, a 
systemat ic error o f 2 1 % , and an error sum of
squares of 82 000. This compared w i t h values of
0.29, 2 1 % , and 51 000 fo r the CROVESH mode l
f i t ted on the same Sholapur data. There gener-
ally we re large underpred ic t ions fo r smal l
runof f events and large overpred ic t ions fo r
large runof f events. I t is clear f r o m th is that the
Constra ined ROVEHY mode l der ived f r o m
ICRISAT Center data does not predict in
Sholapur nearly as wel l as the Constra ined
ROVESH mode l der ived us ing Sholapur data.
The Constra ined ROVESH mode l appl ied to
the ICRISAT Vert isols data general ly pe r fo rmed
better than the reverse pred ic t ions descr ibed
above. It gave a U-statistic of 0.23, 14% sys-
temat ic error, and an error sums of squares of
14 000 m m 2 . This compared to a U-statistic of
0.17 f o r the CROVEHY mode l on the ICRISAT
Vert isol data, a systemat ic error of 7%, and an
error sum of squares of 8000 m m 2 . Constrained
ROVESH underpredic ted l o w runof f events and
overpredicted heavy runof f events at ICRISAT
Center.
The effect of inc lus ion of PRI in Equat ion (5) on
predict ions on the EVEN NZ f i le , however , was
not dramat ic . W h e n i t was inc luded, the
U-statistic fel l f r o m 0.21 to 0.18, the systemat ic
error f r o m 19 to 5%, and the error sums of
squares by 30%. However , t he average abso-
lute l inear errors of pred ic t ion increased
sl ight ly — f r o m 14 to 15%.
As men t i oned prev ious ly , fo r purposes of
s imu la t ion , i t is not possib le to uti l ize histor ical
data relat ing to PRI t, as i t is not avai lable. To
adjust f o r th is , we f i t ted a regression equat ion
w i t h PRIt (mm/15 minutes) as the regressand
and RF t (mm/day) as t h e regressor, us ing 4 
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RO t = β1 (RF t )
2 + β2A + β3 (FC)
+ β4 (S 4 ) + β5 (S 6 ) + β6 (RF t )
2 (S 4 )
+ β7 (RF t )
2 (S 6 ) + β8 (PRI t) (5)
Resul ts f o r I C R I S A T C e n t e r
Al f iso ls
Simi lar test ing procedures we re used to der ive
a runof f predic t ion mode l fo r the Al f iso ls at
ICRISAT Center. We found that inc lus ion of any
fo rmu la t i on of the antecedent rainfal l or vegeta-
t ive cover var iables m a d e the predic t ions much
worse . Their coeff ic ients also general ly had
unexpected s igns and we re not s igni f icant , and
hence AR and VC were d ropped f r o m the m o d e l .
The peak rainfal l intensi ty var iab le tu rned out
to be a h igh ly s igni f icant explanatory var iable in
the f ina l ly selected runoff equat ion , wh ich was
o f the f o r m :
years of data from ICRISAT Center. The follow-
ing equation resulted:
Conclusion
PRIt = 0.214265**(RFt)
(0.014284)
R2 = 0.59 (6)
We refitted the model in Equation (5) with the
estimated peak rainfall intensity (EPRIt) vari-
able in Equation (6) used in place of actual PRIf.
The resulting ROALHY for runoff prediction on
Alfisols at ICRISAT Center Hyderabad is pre-
sented in Table 6. The ROALHY model had a 
U-statistic of 0.19, compared to 0.18 for the
model with PRI, included, an error sums of
squares of 7100 compared to 6300, a systematic
error of 8% compared to 5%, and an average
annual linear error of prediction of 13% com-
pared to 15% with the PRI, model. The ROALHY
formulation including EPRIt was also far
superior to the ROALHY model with EPRIt
deleted.
Application of first-round correction factors
to ROALHY did not bring improvements in
predictions and hence the model in Table 6 can
be used directly for purposes of prediction
when daily rainfall exceeds 17 mm on flat-
cultivated areas and 25 mm on areas in ridges
and furrows. For rainfalls less than these
amounts, runoff is estimated to be zero.
The results suggest that the empirical models
derived here for determining runoff on Vertisols
and Alfisols in two areas of India will enable
predictions to be made with quite a high degree
of accuracy. This accuracy will be greater the
more one moves away from daily predictions
and sums them into weekly, monthly, and
annual totals. The latter can be predicted on
average with less than 10% error in somecases.
The type of specification which generated the
most-accurate predictions was essentially the
same on the Vertisols of ICRISAT Center,
Hyderabad, and those at the AICRPDA Station,
Sholapur. However, coefficient values were
substantially different in the two cases and
cross-predictions were not all that good when
compared with predictions with models de-
veloped with data from the same location. The
cross-predictions were best when the con-
strained ROVESH model for Sholapur Vertisols
was used to predict runoff on the Vertisols at
ICRISAT Center. The major reason for the prob-
lems with cross-prediction may be due to the
vastly different catchment sizes used on thetwo
sites, rather than the existence of a basically
different runoff process. Further work on this
aspect is being planned.
Table 6. Selected model (ROALHY) for runoff prediction (mm/day) on Alfisols at ICRISAT Center,
Hyderabad.
Explanatory var iables Coeff ic ients
Standard er rors
of coeff ic ients
(Daily rainfal l t)
2 (mm2 /day) 0.00252509** 0.00071
Area of Catchment (ha) -0 .139692 0.7150
Flat cu l t iva t ion 8 - 0 .502341 1.2323
Slope 0.4% r idges and fu r rows b 0.441861 1.1831
Slope 0.6% ridges and f u r r o w s c 0.179038 1.8473
(Daily rainfal l t)
2 ↑ (S lope 0.4% r idges and fu r rows) b 0.000033081 0.00047
(Daily rainfal l t)
2 ↑ (Slope 0.6% r idges and fu r rows) c 0.00307569** 0.00046
Est imated peak rainfal l intensi ty 0.441613 0.2712
= 0.91 n = 153
** represents significance at the 1% level
a. If the area is flat cultivated, this variable takes a value of 1 and both ridge-and-furrow variables and their interactions take the
value 0. If the area consists of ridges and furrows, then the flat cultivation variable takes the value 0. 
b. If 0.4% ridges and furrows are being evaluated, this variable takes the value 1 in both the Interaction term and the Intercept
term, and 0 otherwise.
c. If 0.6% ridges and furrows are being evaluated, this variable takes the value 1 in both the interaction term and the Intercept
term, and 0 otherwise.
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The consistency in the va lue of the coeff ic ient
on (RFt )
2 at a round + 0.0045 in the many for-
mu la t ions t r ied on t he Vert isols a t ICRISAT
Center was a s igni f icant feature of the results.
This suggests that , in the absence of in fo rma-
t ion on other var iables in f luenc ing runoff , th is
va lue m igh t be used as a f i rst app rox ima t ion of
dai ly runof f in areas w i t h s imi lar rainfal l pat-
terns and soi l types.
Finally, i t is recognized that the empir ica l
mode ls der ived in th is s tudy are in fact the
" reduced f o r m s " o f hydro log ica l processes
consis t ing o f many "s t ruc tu ra l re la t ionsh ips"
that are not captured in these empir ica l mode ls .
Unders tand ing the processes invo lved is an
impor tan t aspect on wh i ch a better unders tand-
ing is requ i red , par t icu lar ly on smal l agr icu l tura l
watersheds in the SAT. The " reduced f o r m "
approach used here was f o r t h e expl ic i t purpose
of enabl ing runof f to be predic ted accurately,
rather than to be exp la ined, in order to assess
the economic potent ia l for a water -harvest ing
and supp lementary - i r r iga t ion techno logy. The
der ived equat ions w i l l now be emp loyed in the
s imu la t ion exercises out l ined earlier in th is
paper.
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Session 3 
Crop-Environment Interact ions
C h a i r m a n : J . S . Russel l Rappor teur : N . S e e t h a r a m a
C o - c h a i r m a n : C . C h a r r e a u
S u m m a r y a n d R e c o m m e n d a t i o n s
This session was the th i rd in a logical sequence
in th is workshop . The f i rst session was largely
concerned w i t h c l imate itself, methodo log ies of
data co l lec t ion, and aspects of geograph ic dis-
t r i bu t ion of var ious c l imat ic parameters. The
second session was concerned main ly w i t h
water balance and water loss and w i t h the
cl imate-soi l interface. This session invo lved an
addi t iona l d imens ion , that of the plant itself and
of p lant var ia t ion and react ion to stress.
There w e r e f i ve papers in th is session. T w o
papers, by Dr. B id inger and Dr. S ivakumar,
emphasized the great str ides that have been
made in the last decade in the character izat ion
of plant response to water stress. Dr. Bid inger
discussed the effects of water stress on cell
d iv is ion and g r o w t h and the impor tance o f
s tomata l conductance as a p lant mechan ism for
al lev iat ing water stress. Dr. S ivakumar discus-
sed the range of techn iques that are n o w avail-
able fo r quant i fy ing water stress. These inc lude
the plant parameters of s tomata l resistance,
leaf wa te r potent ia l , leaf area, and leaf tempera-
ture. The other th ree speakers (Dr. Shaw, Dr.
Venkataraman, and Dr. Stewart) gave specif ic
examples relat ing c l imat ic parameters to plant
behav ior and y ie ld . Dr. Shaw made the po in t
that source-sink re lat ionships di f fer be tween
species and that more at tent ion needs to be
paid to ident i fy ing these. He also stressed the
local nature of empi r ica l mode ls . Dr. Ven-
kataraman ind icated the need fo r s tandardiz ing
me thodo logy fo r es t imat ing assured rainfal l
amoun ts fo r d i f ferent areas and for the test ing
and va l ida t ion of mode ls . Dr. Stewar t gave a 
number of examples of func t iona l re la t ionships
between c l imat ic parameters (total sunsh ine
hours, seasonal evaporat ion) and p lant y ie lds,
wh i ch he suggested w e r e t ransferable. He also
emphasized the sequent ia l aspect of l im i t ing
factors and the need to ident i fy the mos t impor -
tant l im i t i ng factors in any env i ronment . In the
SAT, wa te r is the most impor tan t factor to be
considered. However , potent ia l y ie ld is deter-
m ined by a sequence of factors beg inn ing w i t h
seasonal energy avai labi l i ty , p lant popu la t ion ,
soi l fer t i l i ty , etc., and wa ie r def ic i ts operate on
th is potent ia l .
R e c o m m e n d a t i o n s
The papers and d iscussion they generated p ro -
v ide a basis fo r considerat ion of fu ture research
at ICRISAT.
A number of recommendat ions were p re -
sented as fo l l ows :
1. The recently developed techno logy fo r
measur ing plant water stress has great ly
increased our potent ia l to unders tand
both plant mechan isms and the abi l i ty of
some plants to adapt to necessary stress.
Research should be cont inued and ex-
tended into character iz ing p lant species
and cul t ivars g r o w n in the SAT. It is
possib le that specif ic d rought - to le ran t
plants could be used in breeding p rog-
rams.
2. Plant mode l ing is a va luable too l for
ini t ial ly fo rc ing considerat ion of p lant
mechan isms and u l t imate ly of pred ic t ing
plant behavior. The deve lopmen t of
c l imate-soi l -p lant mode ls is an evo lu t io -
nary process beg inn ing w i t h s imp le
models . The templa te for th is deve lop-
ment is a knowledge of p lant pheno logy
as affected by day length and tempera -
ture. There are impor tan t d i f ferences be-
tween cult ivars of the same species and
many of these are not unders tood
enough to be mode led . The mod i f y i ng
effects of water stress and nut r i t ion also
need to be evaluated, even t hough the
magn i tude of these effects is of ten m ino r
in compar ison w i th day length and t e m p -
erature. Fortunately, in compar i son w i t h
tempera te areas, vernal izat ion effects are
rarely impor tan t in crops g r o w n in the
SAT.
3. Considerat ion should be g iven to the use
of serial p lant ing techniques fo r the de-
l ineat ion of pheno logy of the ma in crops
to be studied at ICRISAT. Hyderabad is
probably not sui ted to th is because of its
smal l range of day lengths. Wha t is re-
qui red is a site at as h igh a lat i tude as
possib le at w h i c h crops such as s o r g h u m
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can be g r o w n year round (under i r r iga-
t ion) . A w i d e range of cul t ivars cou ld be
handled (possibly 20 to 30 of each crop)
and repl icat ion over 2 years shou ld en-
able ob ta in ing the basic data tha t is re-
qui red fo r mode l i ng plant g r o w t h .
There is a d i l emma in any mode l i ng
carr ied out by ICRISAT. On the one hand
it is impor tan t that general mode ls be
deve loped that can be appl ied in the SAT
general ly . This suggests a sophist icated
approach using process mode ls , whe re
possib le. On t he other hand , in areas of
t h e S A T o n l y r u d i m e n t a r y a g r o -
meteoro log ica l data are avai lable; th is
means that s imp le mode ls using m in ima l
inputs are required. Nevertheless w i t h
ingenui ty and skill such mode ls are being
deve loped ; the Ark in , Vander l ipp , and
Ritchie so rghum mode l is an example of
th is approach.
M o r e at tent ion cou ld be g iven to aspects
of root g r o w t h . The setup at ICRISAT is
sui table for the large h u m a n inputs that
are necessary in these studies. Research
on rates of root g r o w t h as affected by soi l
root pat terns, on par t i t ion between roots
and tops under stress condi t ions, and
di f ferences between cul t ivars in abi l i ty to
extract w a t e r f r o m the soi l prof i le need to
be studied in greater deta i l .
M o r e advantage cou ld be taken of the
un ique " r a i n o u t " rabi season cond i t ions
at Hyderabad and other areas of the SAT
such as in the major r iver basins in Afr ica
fo r the s tudy of crop water stress under a 
range of d i f ferent water regimes. S o m e
bias is in t roduced in such studies, e.g., by
di f ferent day lengths and humid i t ies f r o m
w h i c h the crops are g r o w n in pract ice, but
w i t h adequately d is igned exper iments ,
fundamenta l know ledge of p lant be-
havior cou ld be obta ined w i t h such
studies.
A l t hough emphasis on water stress
needs to be con t inued , the possib le ef-
fects of other c l imat ic factors shou ld not
be over looked. These inc lude the effect of
cool tempera tures , large var ia t ions be-
tween day and n ight temperatures and
excess water per iods as l imi ta t ions to
plant g r o w t h in the SAT. The poss ib le
existence of useful var ietal d i f ferences to
such effects needs to be evaluated
fur ther.
New and s impler techniques (e.g. leaf
temperature) need to be deve loped for
screening genotypes fo r d rough t resis-
tance.
Recommendat ions shou ld be made by
ICRISAT for the use of apparatus for
measur ing plant stress in di f f icul t cond i -
t ions in deve lop ing countr ies.
There is such a large range of mode ls
avai lable fo r the est imat ion of evapora-
t ion that ICRISAT shou ld consider pro-
duc ing an author i ta t ive pub l ica t ion clas-
s i fy ing these mode ls and indicat ing thei r
usefulness in relat ion to the data availa-
ble.
ICRISAT shou ld consider con t r ibu t ing to
the t ra in ing courses in agroc l imato logy ,
part icular ly for people in Afr ica. Interdis-
c ip l inary cooperat ion also needs to be
g iven the ful lest support .
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Water -S t ress E f fec ts on C r o p - E n v i r o n m e n t
In te rac t ions
F. R. Bidinger*
Summary
The effects of stress on crops considered in this paper are: (a) reduction in the rate of cell 
division and expansion and (b) stomatal closure. These are only two of a whole range of 
plant processes affected by moisture stress. They were chosen for examination for two 
reasons: they are relatively better understood than many of the other effects of stress 
(particularly those at a biochemical level), and they play a major role in the relationship 
between the crop and its environment. 
Effects of reduced cell division or expansion on leaf area expansion are most 
important following, rather than during, the period of stress. A reduced leaf area means 
the interception of a lesser percentage of the incident radiation, which will have a direct 
effect on crop growth rates if the latter are radiation limited. Concomitantly, a greater 
percentage of the incident radiation falling on the soil surface will increase the 
evaporative component of crop ET at the expense of the transpiration component. 
Effects of reduced cell expansion on root growth, in contrast, are most important during 
the stress period itself, as the maintenance of even a limited supply of water to the crop 
depends upon continued root extension into deeper zones of the soil profile where some 
moisture may be available. 
A reduction in stomatal conductance affects a number of crop/environment interac-
tions as the stomata are the control point for both vapor and energy exchange between 
crop and environment. A reduction in rate of water loss from the crop is of immediate 
advantage in protecting the crop from direct desiccation effects. The conservation of soil 
moisture by stomatal closure may also be of benefit under certain circumstances. 
Stomatal closure, however, also changes the normal leaf energy balance and places an 
extra load on the sensible heat component. Resulting increases in leaf temperature 
increase the water vapor concentration gradient between leaf and air and in extreme 
cases expose the leaf to possible direct heat injury. In addition, the protection afforded by 
stomatal closure is at the cost of reduced carbon assimilation and (depending upon the 
relative magnitude of internal, stomatal, and crop boundary-layer resistances) possibly 
at the cost of a decrease in crop water-use efficiency. 
Water def ic i ts (negat ive water potent ials) are a 
necessary and constant cond i t ion of terrestr ia l
p lant l ife. Solar energy fa l l ing on crops and
natural p lant commun i t i es is many fo ld that
required for photosynthes is . I f conver ted to
sensible heat, th is excess energy w o u l d raise
the earth's surface tempera tu re wel l beyond
levels compat ib le w i t h mos t f o rms o f l i fe. More
than 7 0 % of th is energy, however , is used in
chang ing the wa te r present in soi l surface
layers and (part icular ly) in p lant commun i t i es
* Principal Physio logist (Mi l lets), ICRISAT.
f r o m l iqu id to vapor. Excess solar energy is thus
disposed of as the water vapor di f fuses f r o m the
immed ia te surface layer of the earth in to the
atmosphere.
Water lost f r o m plants in d iss ipat ing solar
energy is evaporated ma in l y f r o m the wa l ls o f
cells l in ing the inner s tomata l cavit ies in p lant
leaves. Th is leads to a decrease in the chemical
potent ia l (water potent ial) of the water rema in -
ing in these cell wal ls . Because water in p lant
ce l l s fo rms a con t inuous system th roughou t the
plant, th is negat ive potent ia l is t ransmi t ted to
and a long the water in the x y l e m sys tem, f r o m
leaf to root. The process establ ishes a potent ia l
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gradient be tween the root and the so i l , and
causes wa te r to m o v e f r o m th e rh izosphere into
the root. This potent ia l grad ient be tween leaf
and soi l (and the resul t ing water m o v e m e n t
f r om soi l to leaf) is main ta ined by con t inued
evaporat ion f rorn leaves.
The degree of water def ic i t in the leaf is
dependent ma in ly on the rate of evaporat ion
f r o m the leaf (i.e., ma in ly on solar energy) and
on the chemical potent ia l of water in the soi l
(i.e., on the degree to w h i c h the water potent ia l
of t he roo t must be decreased to establish a 
grad ient f r o m soi l to root) . Modes t water
def ic i ts are the no rma l state fo r crops and
natural p lant commun i t i es , and are not d a m a g -
ing to p lant func t ion . As avai lable soi l water is
dep le ted, and soi l -water potent ia ls become
m o r e and m o r e negat ive, p lant -water potent ia ls
also become m o r e negat ive, and p lant-water
defici t becomes p lant -water stress. There is no
clear th resho ld at w h i c h water def ic i t becomes
water stress. The only w a y of assessing th is is
by observ ing plant func t ion . W h e n plant func-
t i on is impa i red , t he plant may be considered to
be under stress.
The mos t sensi t ive f ie ld me thod current ly
avai lable fo r es t imat ing w h e n a plant is under
stress is the measurement of s tomata l conduc-
tance. S tomata are very sensi t ive to smal l
changes in leaf-water potent ia l (Turner 1974)
and t ransp i ra t ion rate (Hall and Hof fman 1976)
as the leaf-water potent ia l approaches a cri t ical
th resho ld level. In add i t ion to the i r sensi t iv i ty ,
the s tomata are useful ind icators of stress
because changes in s tomata l conductance have
major effects on the crop and on its re lat ion-
ships w i t h its env i ronment ; these w i l l be consi-
dered in detai l in th is paper.
Nearly all crop plants are subject to water
stress some t ime dur ing their l ife cycle. I t may be
for only a f e w hours, on occasional days, when
h igh rates of i r radiance and/or h igh rates of
evaporat ion cause a tempora ry decrease in
s tomata l conductance, even in "we l l w a t e r e d "
crops. A l ternat ive ly , stress may be due to de-
c l in ing so i l -mois ture avai labi l i ty , such that t he
soil is unab le to fu rn ish wa te r at a rate suff ic ient
to main ta in p lant-water potent ia l at a nonstress
level fo r m o r e than a few hours in the m o r n i n g
of each day.
The magn i tude of the effects of stress on
short - term plant funct ion and longer- term crop
g r o w t h and y ie ld are dependent upon the in ten-
sity, du ra t ion , and t i m e of occurrence of the
stress. The effects of stress are predic tab le on ly
in a general w a y and only fo r certain ind iv idua l
plant deve lopmenta l or phys io log ica l proces-
ses. A l t hough m u c h has been learned a b o u t t h e
nature and effects of stress in the last decade,
much m o r e remains to be learned.
This paper is l im i ted to a d iscussion of the
consequences of t w o impor tan t p lant re-
sponses to stress — cessat ion of cell d iv is ion
and expans ion, and s tomata l c losure — on the
crop and on the interact ions between the crop
and its env i ronment . For a m o r e comprehen-
sive discussion of the effects of stress on plants,
crops, and natural commun i t i es , the reader is
referred to rev iew art icles by Hsaio (1973), Begg
and Turner (1976), and Fischer and Turner
(1978).
Stress E f fec ts on Cel l D iv is ion
and Cel l Expans ion
The effects of mo is tu re stress on rates of cell
expansion and cell d iv is ion have been known
for a long t i m e (Stocker 1960), part ly (at least)
because too ls to measure these effects have
been avai lable fo r a long t ime . There has been
some discussion in recent rev iew art icles as to
wh i ch process is the more sensi t ive to stress
(Hsaio 1973; Begg and Turner 1976). The gen-
eral conc lus ion is tha t cell expans ion is the
m o r e sensit ive process, at least in cases of m i l d
to modera te stress, but th is has been ques-
t ioned (McCree and Davis 1974).
Reduct ion in the rates of cell d iv is ion and
expans ion has general ly s imi lar effects on crop
g row th — a reduct ion in the size of the t issue or
organ undergo ing rapid g r o w t h dur ing t h e t i m e
the stress occurs. Reduct ions in rates of cell
d iv is ion at certain crit ical t imes may have par-
t icu lar ly severe effects on crop y ie lds — that is,
a t f lora l in i t ia t ion (when potent ia l f l ower n u m -
bers are determined) or at macro- and mic ro-
sporogenesis (when competent f lower numbers
are determined) (Slatyer 1969).
From the s tandpoin t o f c rop/env i ronment in -
teract ions, however , t w o consequences of re-
duced cell expans ion or d iv is ion are of ma jo r
impor tance : a reduct ion in crop leaf-area index,
and a reduct ion in the rate and amoun t of root
g r o w t h . Each wi l l be considered in s o m e detai l .
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R e d u c t i o n in Lea f -Area Index
Al though leaf expans ion under f ie ld cond i t ions
is not as sensi t ive to water def ic i ts as t h o u g h t
f r o m c o n t r o l l e d - e n v i r o n m e n t expe r imen t s
(Begg and Turner 1976), reduct ions in leaf area
are one o f the mos t c o m m o n and most v is ib le
effects of stress. Reduct ion in leaf area is also a 
permanent effect: a smal l leaf remains a smal l
leaf. Thus the effects of even a shor t -durat ion
stress may persist fo r a long per iod.
Radiat ion in tercept ion by crops is d i rect ly
(a l though somewha t curvi l inear ly) related to
leaf-area index, up to the po in t o f " fu l l g round
cover , " or about 95% l ight in tercept ion. The
part icular leaf-area index cor respond ing to th is
po in t var ies w i th the nature of the crop canopy
(i.e., ver t ical or hor izontal leaves) and w i t h the
geomet ry and popu la t ion at wh ich the c rop is
p lanted. A survey of the l i terature (Monte i th
1969) repor ted values of LAI at fu l l cover as l ow
as 2.9 for cot ton to as h igh as 10 for ryegrass,
w i th m o s t c r o p s f a l l i n g i n t h e r a n g e o f 3 .5 to5.0 .
Thus the effects of reduct ion in rate of leaf
expansion on radiat ion intercept ion w i l l depend
on the crop, the r o w spacing, and the stage of
g row th or the LAI at wh i ch the reduct ion occurs.
If the crop is at a stage in wh i ch g r o w t h rate is
l imi ted by radiat ion in tercept ion, any reduct ion
in leaf-area index w i l l result in a reduct ion in
crop ass imi la t ion and in c rop-g rowth rate. This
may be less impor tan t du r ing the per iod of
mo is tu re stress (as crop ass imi la t ion may be
affected by s tomata l conductance as wel l) than
dur ing the poststress per iod, w h e n crop g row th
wi l l be main ly a func t ion of radiat ion received.
A reduct ion in energy intercepted by the crop
means an equivalent increase in the energy
fa l l ing on the soi l surface. W h e n t h e s o i l surface
is dry, there w i l l be l i t t le effect on soi l evapora-
t ion . Increased heat ing of the soi l surface may
result in s o m e transfer of sensib le heat to the
crop, increasing its energy load. This effect has
been s h o w n to occur fo r w i d e - r o w (1 m) sor-
g h u m crops in the Great Plains of the USA. Up
to 64% of t he net rad iat ion fa l l ing on the dry soi l
surface w a s used in t ransp i ra t ion f r o m the c rop
(Hanks et al . 1971).
However , du r ing per iods w h e n the soi l sur-
face is we t , a greater f rac t ion of the radiat ion
fa l l ing on the soi l surface results in an increase
in the evaporat ion componen t of crop ET, at t he
expense o f t he t ransp i ra t ion c o m p o n e n t
(Ritchie and Burnet t 1971). In an in termi t tent -
rainfal l env i ronment the evaporat ion c o m p o -
nent of ET can be substant ial , part icularly early
in the season w h e n crop leaf areas are smal l .
Est imates of th is at ICRlSAT Center t he last
several years show that approx imate ly 25% of
total seasonal crop ET represents evapora t ion
f r o m the soi l surface (M. B. Russel l , personal
communica t ion) . F rom the crop s tandpo in t th is
is wasted water , part icular ly in an env i ronment
in wh i ch water def ic i ts are a ma jo r l im i ta t ion to
crop p roduc t ion . Because of th is , a number of
invest igators have suggested nar rower r o w
spacings and h igher plant popu la t ions to
max imize the ratio of t ransp i ra t ion to evapo-
rat ion (Chin Choy and Kanemasu 1974).
Ef fec ts o n Root G r o w t h
We know much less about the effects of reduced
cell d iv is ion and reduced expansion on root
g r o w t h , despi te the cri t ical impor tance of con-
t inued root g row th dur ing per iods of stress.
Root g row th w o u l d appear to be less affected
than top g r o w t h , as root /shoot rat ios have been
reported to increase in a var iety of crops du r ing
stress per iods (cf. rev iews by Slatyer 1969;
Hsaio and Acevedo 1974).
There are t w o possib le reasons for th is — 
either root mer is tems are not subjected to the
same degree of water stress as are shoot
mer is tems, or root mer is tems have a d i f feren-
t ial abi l i ty to con t inue cell d iv is ion/expans ion
under stress condi t ions. Osmot ic ad jus tment
has been s h o w n to occur in the roots of at least
one species (Greacen and Oh 1972) that w o u l d
help tu rgor ma in ta in root g r o w t h . The process
has recently been conclusively s h o w n to occur
in the shoot also (Jones and Turner 1978), and
therefore is not a un ique adapt ive feature of
roots.
I t seems more l ikely tha t root g r o w t h is
apparent ly less affected by stress than is shoo t
g r o w t h , because root mer i s tems are not ex-
posed to the same degree of stress as are shoot
mer is tems. Water potent ia ls in intact roots or in
the rh izosphere are very d i f f icu l t to measure
and there is no data on compara t i ve shoot , root ,
and rh izosphere water potent ia ls. Mode led
diurnal courses of leaf- and root -water po ten-
t ials under condi t ions of d i f ferent soi l mo is tu re
and evaporat ion demand (Ritchie 1974) suggest
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that root -water potent ia ls are in te rmedia te be-
tween soi l and leaf potent ia ls .
Cont inued root g r o w t h in per iods of stress is
impor tan t , as the c rop mus t be able to exp lore
an ever greater v o l u m e of soi l to ma in ta in even
a l imi ted supp ly of water to the shoot . Resis-
tance to soi l -water m o v e m e n t increases sharp ly
as so i l -water content decl ines and the root mus t
l i teral ly go to the water .
The soi l i tself has a large role in de te rm in ing
the rate and the amoun t o f root g r o w t h du r ing
per iods of so i l -mo is tu re stress. Rates of root
extension have been s h o w n to be related to
local so i l -mo is tu re cond i t ions (Newman 1966).
A relat ively high conduct iv i ty ( for a g iven soi l -
water potent ia l) w i l l mean that the bulk so i l -
water potent ia l can be m o r e easily ma in ta ined
in the rhizosphere at increased rate of water
remova l f r o m the rhizosphere. This w i l l favor
cont inued root expans ion in to deeper layers of
the soil and permi t in the process greater rates
of water supp ly to t he shoot. W h e n the c rop is
dependent ma in l y on stored soil mo is tu re , th is
could be m o r e of an advantage late in the crop
cycle than in the early. But where the stress
pattern is in termi t tent and suff ic ient mo is tu re is
expected later, the strategy of max im iz ing the
use of avai lable soi l water (stress avoidance)
seems appropr ia te .
Stress E f fec ts o n S t o m a t a
One of the major accompl i shments of water-
relat ions research in the past decade has been
the increase in our unders tand ing of the role of
s tomata and the nature of s tomata l response to
a range of env i ronmenta l inf luences. Th is area
was we l l rev iewed recently (Turner 1974;
Rashke 1975; Jarv is 1976). We shal l con f ine our
at tent ion to the effects of changes in s tomata l
conductance on the crop and on crop env i ron-
men t re lat ionships.
S tomata have been s h o w n by numerous
workers to respond to changes in c rop-water
status, due either to changes in soi l -water po-
tent ia l ( rev iew by Turner 1974) or to change in
t ranspi ra t ion rate (Hall and Hof fman 1976).
Changes in s tomata l conductance are general ly
reported to occur over a relat ively na r row range
of leaf-water potent ia ls once a crit ical th resho ld
level is reached (Turner 1974), a l though there
are reports of a m o r e gradual or " l i nea r " change
in conductance w i t h chang ing water potent ia l
(Biscoe et al . 1976). The actual water potent ia l at
wh i ch s tomata begin to close var ies w i th a large
number of factors: species, age and exposure of
the leaf, and cond i t ion ing of the leaf, a m o n g
others.
Once the crit ical level of leaf-water potent ia l
has been reached, c losure of the s tomata re-
duces the rate of water loss f r o m the crop and
reduces the rate of decrease of leaf-water po-
tent ia l . Th is serves (part ial ly, at least) to protect
the plant f r o m the adverse effects of fu r ther
dec l i ne i n w a t e r p o t e n t i a l . T h e ac tua l
mechanism(s) by wh ich the s tomata respond to
changes in leaf-water potent ia l have not been
proven (Rashke 1975), but the logic for the
response is clear.
This decrease in s tomata l conductance, how-
ever, has a number of other consequences for
the crop. We shall consider three of these wh ich
may be of part icular interest to th is Workshop :
reduct ion in the rate of t ransp i ra t ion , changes in
the crop energy balance, and a reduct ion in the
rate of carbon assimi lat ion.
R e d u c t i o n in t h e R a t e o f T r a n s p i r a t i o n
Let us consider the s implest mode l of water
m o v e m e n t t h rough the plant as a f lux direct ly
propor t iona l to a potent ia l gradient be tween
leaf and soi l and inversely propor t iona l to a set
of resistances to water m o v e m e n t in the soil
and in the plant. Reducing the f lux of water
t h rough the plant (by a decrease in s tomata l
conductance) can have one of t w o effects: (i) i t
w i l l a l low the leaf-water potent ia l to remain
constant in the face of ei ther an increasing
resistance to water m o v e m e n t in the soi l or a 
decreasing soi l -water potent ia l , or (ii) i t w i l l
permi t s o m e imp rovemen t in leaf-water po ten-
t ial i f the soi l -water potent ia l and the resis-
tances to water m o v e m e n t are not chang ing
rapidly. For most soi ls, however , smal l changes
in wa te r content a t l ow ( < 5 - 1 0 bars) so i l -water
potent ia ls result in substant ia l changes in both
soi l -water potent ia l and hydraul ic conduct iv i ty
(Gardner 1960). Therefore, under stress cond i -
t ions due to l o w soi l -water avai labi l i ty , the f i rst
a l ternat ive above seems m o r e probab le — i.e.,
a reduct ion in t ransp i ra t ion rate results in a 
stabi l izat ion rather than a net i m p r o v e m e n t in
crop-water potent ia ls .
On the other hand , i f s tomata l c losure is due
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main ly to a very h igh evaporat ive d e m a n d (i.e.,
the so cal led " m i d d a y c losure" ) and so i l -water
avai labi l i ty is adequate to meet norma l t ranspi -
rat ion rates, then s tomata l c losure can result in
some i m p r o v e m e n t in leaf-water potent ia l . Th is
in tu rn w i l l pe rmi t the s tomata to reopen,
p roduc ing the characterist ic 'm idday c losure
and af ternoon reopen ing ' pat tern.
In th is latter case, the change in s tomata l
conductance has l i t t le effect on the rate of
soi l -water deple t ion. Th is cont inues at a un i -
f o r m rate dur ing the midday-c losure per iod
(assuming that s tomata l conductance is re-
duced only to the degree necessary to ma in ta in
leaf-water potent ia ls at the cri t ical level), as the
gradient between leaf and soi l remains constant
and therefore so does the t ranspi ra t ion f lux.
In the fo rmer case, in wh i ch stomata c lose in
response to decreasing soi l -water avai labi l i ty ,
rates of soi l -water deplet ion are reduced, rela-
t ive to the potent ia l rates. This p robab ly occurs
because in add i t ion to a decreasing soi l -water
potent ia l , soi l hydraul ic conduct iv i ty is also
decreasing. Even though stomata l c losure
tends to stabi l ize the potent ia l grad ient be tween
leaf and soi l , t ranspi ra t ion f lux cont inues to
decl ine because of the increasing resistance in
the system.
A reduct ion in the rate of so i l -water dep le t ion
may be a very impor tan t effect fo r crops g row-
ing on stored soil moisture, such as postrainy-
season crops in India. The need in this s i tuat ion
is for the crop to conserve the m a x i m u m possi-
ble amoun t o f water du r ing the vegetat ive
per iod for use dur ing the reproduct ive (grain
f i l l ing) per iod. The va lue of th is strategy has
been demons t ra ted using man ipu la t ion of crop
geomet ry (Blum and Naveh 1976) and by man i -
pulat ion of root resistance to water t ranspor t
f r o m soi l to canopy (Passioura 1972). A t temp ts
to do th is at the s tomata l level , us ing ant i -
t ranspirants, have generally been unsuccessful
due to tox ic i ty and/or the shor t l i fe of t he
ant i t ranspi rant mater ia ls (Begg and Turner
1976).
C h a n g e s in Crop -energy Ba lance
Changes in the rate of evaporat ion of water
f r o m the leaf surface due to s tomata l c losure
have an immed ia te effect on crop-energy ba-
lance. Because the greater part of the radiant
energy fa l l ing on t he crop is d iss ipated as latent
heat, any reduct ion in t ransp i ra t ion mus t in -
crease cons iderab ly the energy load on the
o t h e r a v e n u e s f o r t h e d i s s i p a t i o n o f
energy — main ly t rans fo rma t ion to sensib le
heat (Begg et al. 1964; Kanemasu and Ark in
1974). In severe stress th is process increases
leaf tempera tures f r o m no rma l , be low ambien t ,
levels to ambien t or to levels we l l above a m -
bient.
There is current ly considerable interest in
using leaf - temperature a i r - temperature dif fer-
ences as a w a y of quant i f y ing c rop-mois tu re
stress (Barthol ic et al. 1972), and of es t imat ing
crop evapotranspi ra t ion (Stone and Hor ton
1974).
Vapor t ransfer between leaf and air can be
s imply mode led in a way analogous to tha t of
l iqu id water f l ux f r o m soi l to leaf, tha t is, as a 
f lux di rect ly propor t iona l to the grad ient in
vapo r concen t ra t i on b e t w e e n t h e inner
stomata l cavi ty and the bulk air and inversely
propor t iona l to the s u m of the s tomata l and leaf
boundary- layer resistances (assuming that
energy fo r the evaporat ion of water is not
l imi t ing) . The air in the inner s tomata l cavi ty is
assumed to be saturated w i t h water vapor ,
mak ing the actual vapor concentrat ion depen-
dent upon the tempera ture of the leaf. An
increase, therefore, in leaf tempera tu re means
an increase in the vapor concent ra t ion gradient
between leaf and air, and an increase in f lux of
water vapor out of the leaf. This , part ial ly at
least, offsets the effects of s tomata l c losure on
t ransp i ra t ion rate and reduces the expected
effect of s tomata l c losure.
The quest ion of whether or not there are
direct effects of heat stress due to changes in
energy balance on crops is more di f f icul t . Under
water stress cond i t ions in areas of h igh ir-
rad ianceand high air tempera tu re , leaf temper-
atures have been repor ted to approach levels
f ound in laboratory assays to be direct ly in-
h ib i tory to photosynthes is (Sul l ivan et al . 1977).
Under mos t cond i t ions , however , heat and
drough t stress occur together and they are
dif f icul t to separate. In add i t ion , resistance to
heat and d rough t stress est imated by m e m -
brane integr i ty tests are f requent ly correlated
(Sul l ivan and Ross 1978) and it may be reason-
able to consider the t w o as di f ferent aspects of
the same p rob lem, part icular ly f o r stress effects
on a metabo l ic level.
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Carbon A s s i m i l a t i o n
I t is n o w general ly accepted that for all but
severe cases, the major effect of stress on
photosynthesis is via the effect of stress on
stomatai conductance. Field data f r om a 
number of sources ( reviewed by Begg and
Turner 1976) s h o w changes in CO2 exchange
under stress fo l l ow very closely changes in
t ranspi rat ion or (when i t was measured)
s tomata i conductance. Exper iments in a 
number of crops by T rough ton and Slatyer
(1969) and Slatyer (1973) have shown that
internal or mesophy l l resistance (used as a 
measure of the activi ty of the b iochemical stage
of CO2 f ixat ion) was not affected by water stress
unt i l stress levels wel l be low permanent w i l t i ng
were attained.
This reduct ion in CO2 accumulat ion is un-
doubted ly the major cost to the plant for the
protect ion afforded by stomatai closure. A use-
ful way of measur ing th is cost is by measur ing
the effects of stress on water-use eff iciency
(WUE) — the net CO2 uptake per quant i ty of
water t ranspired dur ing the same interval . An
increase in WUE under stress wou ld suggest
t ha t t he crop is benef i t ing f r o m thet radeof f , and
that s tomata i sensit iv i ty to mois tu re stress may
be an advantage in certain c i rcumstances.
This approach has been tho rough ly rev iewed
in connect ion w i th adaptat ion to arid and
semi-arid zones (Fischer and Turner 1978).
These authors make the po in t that , for s ingle
leaves, the effects of stress on WUE w o u l d
depend largely upon w h e t h e r t h e pr imary effect
of stress is on s tomata i resistance or on internal
(carboxylat ion) resistance, i.e., whether the ef-
fects are pr imar i ly on t ranspi rat ion or on CO2
f ixat ion. As indicated above, however , stress
effects are pr imar i ly on s tomata i conductance,
at least in the case of moderate shor t - term
stress case. This w o u l d suggest the possibi l i ty
of an increase on WUE under modera te stress.
A theoret ica l analysis by Cowan and
Trough ton (1971) however suggests that the
reverse may be t rue in a crop s i tuat ion. Because
of the effect of s tomata i c losure on leaf temper-
ature and thereby on the vapor-pressure gra-
dient between leaf and air, water-vapor loss
may be less affected by stomatai c losure than
CO2 uptake, unless the internal resistance to
CO2 f ixat ion is at least as great as the boundary
layer resistance to gaseous d i f fus ion f r o m the
leaf surface to the atmosphere. The authors
poin t ou t that wh i l e th is may be t rue fo r
ind iv idual leaves, it is less l ikely to be t rue for a 
crop, because the crop boundary layer resis-
tance (to exchange between the crop surface
and the atmosphere) increases the effective
boundary layer resistance of ind iv idual leaves.
This hypothes is was ver i f ied in a f ie ld test w i t h
maize (Sinclair et al. 1975); crop water use
efficiency was f ound to be substant ia l ly re-
duced under mois tu re stress.
Stomatai c losure under stress is an essential
response, as i t serves to protect the plant f r o m
the effects of severed desiccat ion (part icular ly
at a metabol ic level) and under certain cir-
cumstances may aid in conserv ing soi l wa te r f o r
late use. The protect ion is at a cost to the crop,
however. There is no s ing le answer to how
serious th is cost may be, as i t depends upon the
probabi l i ty of the durat ion and intensity of the
stress. Under condi t ions in wh ich long and
severe stresses are probable, there is no alter-
native to s tomata i c losure, whatever the cost.
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M o d e l i n g Crop Y i e l d s Us ing C l i m a t i c D a t a
R. H. Shaw*
Summary
A soil-moisture model that uses class-A pan evaporation as the estimate for potential 
evaporation is presented for maize. A crop-stage factor is used to convert this to actual 
evapotranspiration. If stress occurs, evapotranspiration is reduced, with the degree of 
reduction depending upon the atmospheric demand and the available soil moisture. A 
range of rooting depths is required, depending upon the type of weather which occurs. 
A stress index, based on the assumption that yield reduction is proportional to the 
reduction in evapotranspiration from the potential, is calculated. Stress is weighted by 
thestage of crop development. Special weighting factors, which takeinto account severe 
stress, are used. This weighted index has been found to be highly related to maize yields 
under a wide range of weather conditions in Iowa, and should be adaptable to conditions 
in the semi-arid tropics. 
In mode l i ng crop yie lds by any me thod , we
should a lways recognize w h a t goes into mak ing
up that y ie ld , i.e., the crop factors, the soi l
factors, and the weather factors. I wi l l be pr imar i -
ly emphasiz ing weather factors, but the mode ls
requi re crop and soi l i n fo rmat ion . These are not
detai led b io logical mode ls ; instead they at-
t emp t to descr ibe the water balance for an
ind iv idual site f r o m day to day. Daily inputs are
the shortest t ime per iod used. I f factors other
than the water balance are to be cons idered,
obv ious ly the mode l w o u l d require expand ing.
Expla in ing the water-ba lance effects w i l l re-
qu i re all t he t ime al lot ted here.
T h e M o d e l C o n c e p t
To start w i t h , let me show you a t ype of general
f l o w chart fo r water and soi l management -c rop
g r o w t h mode l . The di f ferent segments o f th is
mode l cou ld each be solved by several d i f ferent
me thods ; r ight n o w we ' re interested only in the
overal l concept. I have bo r rowed th is mode l
(Hill et al . 1978) because I bel ieve it presents th is
concept very we l l . The f l o w chart is presented in
Figure 1. Later I w i l l go in to m o r e detai l on h o w
* Cur t iss D is t ingu ished Professor , Ag r i cu l t u ra l
C l imato logy , Iowa State Univers i ty , A m e s , Iowa,
USA.
we have approached the p rob lem for maize in
Iowa.
We need to start w i t h the env i ronmenta l
set t ing, i.e., one needs a certain data base f r o m
wh ich to start. We need to know certain crop
data, soi ls data, and managemen t data. We
need to k n o w the mo is tu re characterist ics of our
so i l , h o w m u c h water we have to start w i t h , the
management practices used, and in fo rmat ion
about the deve lopment and g r o w t h o f the crop
being cons idered. The management aspect
may be s impl i f ied by using constant levels of
management over areas or years.
Since mois tu re stress (and other stress fac-
tors) wi l l have di f ferent effects on the crop at
d i f ferent stages of deve lopment , the p rog ram
must measure or est imate w h e n these stages
wi l l occur. The most general mode l wi l l have a 
loop wh i ch computes these stages of develop-
ment f r o m weather i n fo rmat ion , usual ly t e m p -
erature data.
A very impor tan t part of the mode l is the
amoun t of evapotranspi rat ion (ET) that is tak ing
place. We usually approach th is by us ing a 
meteoro log ica l measurement to est imate the
potent ia l fo r evaporat ion then apply a crop-
stage convers ion factor to g ive the actual ET fo r
any stage of deve lopment , w i t h soi l mo is tu re
not l im i t ing . We shou ld break th is ET d o w n into
soi l evaporat ion and p lant t ransp i ra t ion be-
cause these change as the crop stage changes.
Next we have to consider so i l -mois ture
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Figure 1. Flow chart of water- and soil-
management crop growth model. 
(After Hill, Johnson, and Ryan). 
status. Is i t adequate to meet the needs imposed
by the a tmospher ic demand (i.e., soi l evapora-
t i on , w h e r e called for in the mode l ) , or t ranspi ra-
t i on where i t is needed? We have to consider the
mois tu re supp ly relat ive to the atmospher ic
demand for water to de te rmine i f the supply is
adequate. On a very h igh demand day, there
mus t be m o r e soi l mo is tu re present in the root
zone than on a lower demand day , i f t he plant is
to avoid stress.
Rainfal l , or i r r igat ion water , m u s t be dist r i -
buted in the soi l prof i le. I f runof f occurs, the
amoun t mus t be est imated, and deep perco-
lation must be considered under certain condi-
t ions.
Know ing the dai ly water status, we can est i-
mate the y ie ld reduct ion due to stress. A func-
t i on of the type
(1)
is of ten used. This assumes the y ie ld reduct ion
is propor t iona l to the reduct ion in t ranspirat ion
(or evapotranspirat ion) f r o m the potent ia l . I f we
are w i l l i ng to assume the plant cannot regain
" lost -y ie ld po ten t ia l "
in wh i ch T1 = cumulat ive t ranspi rat ion (or ET)
in g row th per iod i 
cumulat ive potent ia l t ranspira-
t ion (or ET) w h i c h occurs w h e n
soil water is no t l im i t ing d u r i n g
g row th per iod i 
potent ia l y ie ld when t ranspi ra-
t ion (or ET) is equal to potent ia l .
A mode l of th is t ype seems to wo rk wel l in
maize, but probably wi l l no t work wel l on our
indeterminate t ype of soybeans. Later per iods
can compensate for earlier per iods (i.e., m o r e
pods, or more beans, or b igger beans), so a 
method must be used wh ich w o u l d let the rat io
be greater than unity. Differences be tween
these crops may be due to the fact that maize
tends to have a s ink- l imi t ing sys tem, wh i l e
soybeans have a source- l imi t ing system.
T h e I o w a So i l -Mo is tu re
Stress M o d e l
N o w I w o u l d like to discuss our corn mo is tu re -
stress mode l . T h e t y p e of approach used is wha t
is impor tan t — not the crop. A s imi lar approach
could probab ly be deve loped fo r any crop. In
comput ing our stress index fo r corn (Shaw
1974), we use a so i l -mois ture mode l (Shaw
1963) wh ich computes a dai ly so i l -mois ture
condi t ion. As part o f th is calculat ion we obtain
an est imate of ET and PET fo r tha t day, and use
the relat ion be tween these to compute the
stress index fo r that day. We have related th is to
y ie ld , us ing several series of exper imenta l data.
We evaluate on ly so i l -mois ture stress: i f excess
mois ture occurs th is shou ld also be cons idered.
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t ion of t he relat ions of the data presented. We
use "ex t rac tab le w a t e r " s ince th is is wha t the
plant r emoved , whereas "ava i lab le wa te r "
usual ly is def ined as the to ta l soi l water held
in the root zone between f ie ld capacity and
the permanent w i l t i ng percentage (or 15-bar
retent ion) and does not a l low fo r the effect of
root d is t r ibut ion on soi l water extract ion.
Wha t th is says is tha t plants do not remove all
the avai lable water f r o m comple te root zone
under norma l a tmospher ic condi t ions before
the rate of water loss is great ly reduced. The
permanent -w i l t ing-po in t concept assumes the
plants are g r o w n under very l o w demand cond i -
t ions. Tanner cited one example for a Plain-f ield
sand w h i c h has extractable water of 40 mm in
t h e t o p 100 c m , but has avai lable water of about
58 m m . The f ract ion of extractable water left
w h e n T/Tmax decreased be low uni ty was 0.30, or
28 mm had been extracted. I f the same amoun t
(28 mm) were removed of the total avai lable
before the t ranspi rat ion rate decreased, 52% of
the total avai lable w o u l d remain . On that basis,
t heda ta in F igure3, us ing avai lable water , are in
agreement w i t h Tanner 's va lue of 35% extract-
able water. We are saying about t h e s a m e t h i n g ,
but us ing di f ferent t e rms of reference.
Our f ie ld exper iments have also shown a 
sensi t iv i ty to day- to-day demand . On a h igh-
Figure 3. Relative evapotranspiration rates 
for different levels of atmospheric 
demand.
demand day, plants have s h o w n extensive w i l t -
ing. On a subsequent day w i t h m e d i u m atmos-
pheric demand (and no water added), there was
l i t t le or no w i l t i ng , and none i f i t was a low-
demand day. On a fo l l ow ing day w i t h h igh
demand , the plants were again w i l ted . For that
reason, we have used three di f ferent curves to
represent the di f ferent types of demand days. A 
day w i th pan evaporat ion > 7.6 mm is consi -
dered a h igh-demand day; 5.1 to 7.6 mm a 
m e d i u m day ; < 5.1 m m , a low-demand day. The
relat ionship (Fig. 3) is used dur ing the per iod
that roots are g r o w i n g to deeper depths. After
s i lk ing, when we assume there is l i t t le fur ther
root deve lopment , a somewha t di f ferent rela-
t ionsh ip is assumed, w i th the curves d isplaced
to the left f r o m these shown . These re lat ion-
ships have been s h o w n to predict soi l mo is tu re
qui te wel l under Iowa condi t ions.
To calculate evapotranspi rat ion under stress
condi t ions (STET), the fo l l ow ing factors are
mu l t i p l i ed : Pan evaporat ion x rat io for crop
deve lopment (Fig.2) x stress factor (Fig. 3).
When evapotranspi ra t ion is reduced because
of stress, we a l l o w f o r up to 2.54 mm soil surface
evaporat ion to take place f r o m the top 12.7 cm
of soi l . STET plus soi l evaporat ion cannot be
greater than nonstress ET.
Stress Index
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We n o w have the basis for our current stress
index (SI)
I t was not bel ieved that surface evaporat ion
(under STET condi t ions) is as effective at reduc-
ing stress as is t ranspi ra t ion, so l imi ts we re put
on its use.
a. Under h igh a tmospher ic demand (Pan
evap > 7.6 mm) and STET < 0.10 c m , use
zero evaporat ion.
b. Otherwise, add all evaporat ion w h e n i t
is < 0.13 cm and add 0.13 w h e n evapora-
t i on is > 0.13 cm.
If actual ET, or actual ET + adjusted surface
evaporat ion, is equal to potent ia l ET, there is no
stress for that day. Stress is equal to the reduc-
t i on in water loss fo r that day, compared to the
S l = 1 
Actual ET + Ad jus ted sfc. evap.
Potential ET
T y p e o f
d e m a n d day
H i g h
M e d i u m .
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% A v a i l a b l e s o i l m o i s t u r e
potent ia l . An actual- to-potent ia l ratio of 0.60
w o u l d mean a stress index for that day of 0.40.
We also bel ieve that the stage at wh ich th is
stress occurs is impor tan t and has di f ferent
degrees of effect on the crop. A number of
researchers have worked on this. Based on the i r
results, t he we igh t ing factors shown in Table 2 
were de termined. A per iod of 85 days is used,
cover ing t he per iod f r o m 40 days before s i lk ing
to 45 days fo l l ow ing si lk ing. Stress-index
values are s u m m e d and we igh ted by the 5-day
per iods s h o w n . This assumes stress has no
cumula t ive effect, wh i ch has been t rue under
some exper imenta l condi t ions (Mal let t 1972).
However, our f ie ld data indicate that ex t reme
stress can have greater effects. We 've added
three addi t ional we igh t i ng factors:
a. I f the stress index f o r t w o or more consecu-
t ive 5-day per iods is s ≥  4.50 (max of 5.0
possible), an addi t ional we igh t ing factor of
1.5 is used for each per iod.
b. If m o r e than one of the three 5-day per iods
just before silking has an index > 3.0, these
per iods are mul t ip l ied by an addi t ional 1.5.
This takes into account the effect (reduced
pol l inat ion) of relat ively severe stress just
before s i lk ing.
c. If t he per iod before and the per iod after
s i lk ing have a stress index ≥  4.50, a crop
fa i lure is des ignated. Under these condi -
t ions, fer t i l izat ion apparent ly does not
occur and silks do not emerge.
Table 2. Relative weighting factors used to
evaluate the effect of stress on maize
yield. Periods are consecutive 5-day
periods prior to and following silk-
ing.
Period
Weigh t ing
factor Period
Weigh t ing
factor
8 before 0.50 1 after 2.00
7 before 0.50 2 after 1.30
6 before 1.00 3 after 1.30
5 before 1.00 4 after 1.30
4 before 1.00 5 after 1.30
3 before 1.00 6 after 1.30
2 before 1.75 7 after 1.20
1 before 2.00 8 after 1.00
9 after 0.50
U s e o f S t ress Index
How wel l has th is done? Let me show you s o m e
results. T w o i tems are evident f r om Figure
4 — wh ich plots data fo r a nor thwest Iowa
locat ion the driest part of the state. The we igh t -
ing factor for ext reme stress proper ly adjusts
the one data point. The squares indicate years
w h e n there was excess mo is tu re present in the
spr ing. We 've found under these condi t ions
that our est imated yie lds are higher than those
that actual ly occurred, i.e., excess wetness
caused a y ie ld reduct ion. Figure 5 is f r o m a 
locat ion in central Iowa. I t d id not s h o w the
severe stress occurr ing, but notice the number of
years w h e n excess mois ture occurred. We do
not est imate the effect of excess mo is tu re in our
procedure, but i t must be kept in m i n d i f all
env i ronmenta l effects are to be considered.
Prob lems in Recent Y e a r s
In develop ing a procedure of the type that has
been expla ined, a w ide range of weather cond i -
t ions is necessary to evaluate it proper ly . In
1976 we had a very dry spr ing, and th is encour-
aged deeper roo t ing than usual . In late Ju l y we
took so i l -mois ture samples and f o u n d l i t t le or
no avai lable mois tu re d o w n to 152 cm, yet the
crop was stil l in fa ir ly good cond i t ion . Obv i -
ously, i t must have been get t ing mo is tu re f r o m
deeper depths. The f irst soi l moisture-stress
Figure 4. Relationship between weighted 
stress index and maize yield in 
northwest Iowa. 
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calculat ion s h o w e d m o s t o f t he y ie ld est imates
close to the dashed l ine (Fig. 6), w i t h a f e w
points (triangles) near the 1-1 l ine. Other infor-
mat ion indicated that at most sites maize was
probably rooted to about 213 c m . The program
was rerun using a root ing zone of 213 cm
Accumula ted we igh ted -s t ress index
for 8 5 - d a y per iod
Figure 5. Relationship between weighted-
stress index and maize yield in cent-
ral Iowa. 
rather t han 152 cm fo r all data po in ts that had
not reached saturat ion of the 152-cm prof i le in
May or June. The t r iangles represent t h e po in ts
w h i c h d id , and only t he 152-cm prof i le was used
for these sites. The f inal results we re very g o o d ,
indicating that under different condi t ions, differ-
ent root ing depths mus t be used.
In 1977 we ran into an unusua l stress cond i -
t ion before s i lk ing. The points s h o w n as open
circle (Fig. 7) all had stress- index values >3 fo r
m o r e than one o f the three, 5-day per iods jus t
pr ior to s i lk ing. This s i tuat ion had occurred at
only 13 sites in 23 years of pr ior sampl ing (450
site years). The addi t ional we igh t i ng factor just
pr ior to si lk ing was added because of th is
severe stress and i t adjusts the points to around
the 1-1 l ine. The labeled (sol id circle) data points
in the f igure a lmost reached this cond i t ion .
These locat ions all have very heavy subsoi ls,
and maize g r o w i n g here apparent ly was not
ab le to respond as we l l , in compar ison w i th that
g row ing on the better soi ls, to the rapidly
deter iorat ing mo is tu re condi t ions. I t po in ts ou t
tha t unders tand ing the di f ference in soi ls is
impor tan t , and that not all soi ls shou ld be
treated the same.
O Si tes w i t h s t ress index >3
for more than one of three
5-day pe r iods j u s t p r io r
to s i l k i n g
Figure 6. Predicted and measured yield in Figure 7. 
1976.
Predicted and measured yields in 
1977.
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An approach like this shou ld be adaptable to
the semi-ar id t rop ics, once the necessary ex-
per imenta l data fo r these c l imat ic condi t ions
are avai lable.
Refe rences
D E N M E A D , 0 . T., and S H A W , R. W. 1962. Avai lab i l i ty of
soi l mo is tu re to plants as affected by soil mo is tu re
content and meteoro log ica l condi t ions. A g r o n o m y
Journa l 45: 385-390 .
H I L L , R. W., J O H N S O N , D. R., and R Y A N , K. N. Unpub-
l ished. A model for predict ing soybean yields f r o m
cl imat ic data. Submi t ted to A g r o n o m y Journa l .
J E N S E N , M. E. 1973. Consumpt ive use of water and
i r r igat ion water requ i rements . Report , Amer i can
Society of Civil Eng., New York, NY, USA.
M A L L E T T , J. B. 1972. The use of cl imatic data for maize
gra in y ie ld predict ions. Ph.D. thesis, Dept. of Crop
Sc ience, Un ive rs i t y o f Na ta l , P i e te rma r i t zbu rg .
South Afr ica.
P E N M A N , H. L. 1963. Vegetat ion and hydro logy . Com-
monwea l th Bureau of Soi ls Technical Commun ica -
t ions 53, Harpenden, Herts, UK. 124 pp.
RITCHIE, J. T., BURNETT, E., and H E N D E R S O N , R. C. 1972.
Dryland evaporat ive f lux in a subhumid c l imate. Ill
Soi l water inf luence. A g r o n o m y Journa l 64 : 1 6 8 -
173.
RITCHIE, J. T. 1973. Inf luence of soi l -water status and
meteoro log ica l cond i t ions on evaporat ion f r o m a 
corn canopy. A g r o n o m y Journa l 65: 8 9 3 - 8 9 7 .
S H A W , R. H. 1963. Est imat ion of soi l mo is ture under
corn. Iowa Agr icu l tura l and Home Economics Exper-
iment Stat ion Research Bul let in 520, Ames , Iowa,
USA.
S H A W , R. H. 1974. A we igh ted moisture-stress index
for corn in Iowa. Iowa State Journa l of Research 49:
101-114.
161
Use and Requirements of Agrometeorological
Data for Quantifying Crop-moisture Stress
and Needs
S . V e n k a t a r a m a n *
Summary
The terms "crop-moisture need" and "stress" are defined and factors affecting them are 
detailed, as one criterion for quantifying crop moisture stresses for irrigated and rainfed 
crops. The limitations and use of the concept of potential evapotranspiration are 
discussed; methodologies for quantifying moisture stress for rainfed crops and dry/and 
use-planning are outlined. Timing of irrigation to avoid moisture stress in various crop 
phases is examined. Agrometeorological data requirements in certain critical areas and 
scope of further studies are indicated. 
The "Transpi ra t ion Requi rement (TR)" const i -
tutes the m i n i m u m crop-water need and is
prov ided by root-zone soi l mois ture. TR is
affected in all stages of crop deve lopment by
the evaporat ive demand of air (ED). TR nearly
equals ED f r o m the stage of g round shad ing to
matur i ty . From germina t ion to the g roundshad-
ing stage, TR is less than ED and the ratio of
TR/ED is inf luenced by the leaf-area index/
fract ional g round cover. Dur ing matur i ty TR is
dependent on the nature of crop phys io logy
(Tanner and Lemon 1962; Gates and Hanks
1967; Ritchie and Burnett 1971; Venkataraman
et al. 1976a; Venkataraman et al. 1976b; Sarker
et al. 1976; Subba Rao et al. 1976).
The actual t ranspi rat ion (AT) of the crop,
expressed as equivalent depths of water per
uni t g round area, is at all c rop stages inf luenced
by the quant i ty and ease of avai labi l i ty of
root-zone mois ture in the range f r o m f ie ld
capacity to permanent w i l t i ng point . For a g iven
crop stage and ED, the rate at wh ich t ranspira-
t ion can proceed when root-zone moisture is at
f ie ld capacity may be te rmed "Potent ia l Trans-
pi rat ion (PT)." A water stress may be said to
occur when the rate of AT begins to fal l off
sharply f r o m PT. In the avai lable so i l -mois ture
range, the point at wh ich a sharp d rop in AT
occurs may be te rmed the Critical Mois ture
* Div is ion of Agr icu l tura l Meteoro logy , Meteoro log i -
cal off ice, Pune, India.
Level (CML). Ease of soil mois ture avai labi l i ty
(and hence the va lue of CML) is affected by
factors such as soi l types, level of evaporat ive
power of air, and the amount of water the crop
can d raw upon f r o m its root zone (Baier 1965).
The last quant i ty , te rmed the "Root Constant
(RC)," varies w i t h crop types and stages. The
var iat ion of RCfor a given crop and crop stage is
though t to be small in var ious soil types (Flem-
ing 1966) on account of the compensat ing effect
of root pro l i ferat ion and uni t vo lumet r i c content
of avai lable root-zone mois ture. General ly there
is a reduct ion in soi l mois ture avai labi l i ty w i th
an increase in (1) the clay content of the soi l , and
(2) the evaporat ive power of air, wh i l e an
increase in RC tends to delay the incidence of
CML (Holmes 1961).
Nont ransp i ra to ry C o m p o n e n t s
When mois tu re fal ls and moves into the soil
surface, ei ther as i r r igat ion or as rain, evapo-
rative loss becomes inevitable. This combined
loss is cal led Evapotranspirat ion (ET). For
moisture-stress quant i f icat ion, i t is necessary to
separate out the evaporat ion componen t of ET
(Monte i th 1965; Black et al. 1970; Goltz et al.
1971; Burn et al. 1972; Ritchie 1972; Tanner and
Jury 1976).
The crop-f ie ld mois ture losses, such as sur-
face runoff and percolat ion beyond the root
zone are contro l lab le for i r r igated crops but are
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weather dependent for rainfed crops. Aga in , the
cont r ibu t ion of rainfal l to crop-water needs is
enhanced for a standing crop, and even l ight
rainfall can be effective (Owen and Watson
1956; Glover and Gwynee 1962).
N e e d fo r A g r o m e t e o r o l o g i c a l
A p p r o a c h
Studies in wh ich crop-water need, so i l -mois ture
storage, and crop-water stress are considered
to be solely weather-determined can only pro-
v ide comparat ive est imates of mois ture stress
in space or t ime. For quant i f icat ion of mo is tu re
stress, of ei ther i rr igated or rainfed crops, neg-
lect of the crop or soi l factors is not, a pr ior i ,
p e r m i s s i b l e — e s p e c i a l l y in the semi-ar id
tracts.
Cri ter ia fo r Stress
Q u a n t i f i c a t i o n
A perusal of the invest igat ions reported in the
references cited previously is helpful in spel l ing
out the cri ter ia fo r quant i f icat ion of crop-
mois ture stresses. For i r r igated crops the
parameters required to de termine incidence of
mois ture stress are: (1) permiss ib le amounts of
mois ture deplet ion in roo tzone, and (2) t h e t i m e
interval over wh ich th is w o u l d occur. In the case
of rainfed crops, mo is tu re stress can be quan-
t i f ied by f ind ing out the march of the rat io of
AT/PT on a short -per iod basis, thereby locat ing
the per iods and dura t ion of occurrence of sub-
potent ial t ranspi rat ion and assessing the feasi-
bi l i ty of crop survival in the stress per iods so
del ineated.
Poten t ia l Evapot ransp i ra t ion
T h e C o n c e p t
Wi th a shor t green act ive ground-shad ing crop
g row ing on a soi l w i t h adequate root-zone-
mois ture the water need nearly equals the ET
loss. The water need is te rmed "Potent ia l
Evapot ransp i ra t ion" (PET). PET can be stated as
represent ing the upper l im i t o f t he crop-water
need and is of obv ious impor tance in
moisture-stress quant i f icat ion.
C o m p u t a t i o n o f C l imato log ica l
A v e r a g e s
Penman (1948) has out l ined a sound theoret ical
approach to est imate PET; he has also post-
ulated an empir ical method to obtain PET f r o m
more s imple data, a method that has been used
extensively. For computa t ion of PET, Penman
(1956) has advocated the test ing of his theoret i -
cal approach, instead of rely ing on the repet i t ive
use of his empir ical fo rmu la .
The " t e s t i n g " of Penman's approach has
been handicapped by lack of observat ional data
on (1) net radiat ion cor responding to an exten-
sive green cover, and (2) low- level (2-m) w i n d
runs and dif f icult ies in cal ibrat ion of the con-
stants in the wind- funct ion t e r m . Monte i th 's
classical work (1964) therefore assumes s ig-
nif icance, leading as i t does to the use of the
averages of the range of exper imental ly deter-
mined values of var ious f o rms of resistance to
the movemen t o f water f r o m the soil th rough
the plant to the air, in place of the wirrd func t ion .
Venkataraman (1977b) has po in ted out that
pyrgeometr ic est imates of the nocturnal long-
wave f lux wou ld cor respond to that of a crop
cover envisaged fo r est imat ing PET, and has
shown that the average of the ratios of net to
back radiat ion obtained f r o m pyrgeometr ic
measurements of a tmospher ic long-wave f lux
are appl icable, for c l imato logica l purposes, to
the day as a who le .
A comb ina t ion of t he postu la t ions of M o n -
tei th (1964) and Venkataraman (1977a) shou ld
prov ide reasonably accurate est imat ion of
c l imato log ica l values of PET at radiat ion mea-
surement stat ions hav ing 10 or more years of
shor twave radiat ion and pyrgeometr ic data.
C o m p u t a t i o n f o r Opera t iona l
Purposes
For many c l imatological appl icat ions, use of
s ingle values of mon th l y PET may be permiss i -
b le because of smal l interannual var iat ions.
However , fo r operat ional purposes, dai ly values
of PET w o u l d be required. To achieve this, the
mean month ly c l imato logica l values of PET
have to be empir ical ly related to the average
values of a cl imatological parameter that is and/
or can be routinely measured. Of the var ious
parameters that have been considered fo r th is
purpose (solar radiat ion, net radiat ion, pan
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evaporat ion, and air temperature) , evaporat ion
f rom standard sha l low mesh-covered pans (EP)
is the most su i ted, as pan data is an integrat ion
of the energy, w i n d , and vapor pressure-defici t
factors — wh i ch also contro l the PET quan tum.
Cal ibrat ion of the rat ios of c l imato log ica l esti-
mates of PET to average values of EP, on a 
month ly and regional basis, w o u l d make feasi-
ble the use of EP data as an operat ional too l for
quant i f icat ion of crop-water stresses.
There is an urgent need fo r mak ing reasona-
bly sound est imates of mon th l y PET and work-
ing out empir ica l relat ions between PET and
other c l imato logica l parameters such as EP for
as many stat ions as possible in the Semi-Ar id
Tropics (SAT).
Feasible Uses
Taking PET as the o p t i m u m water need works
only w i th crops that are in the vegetat ive phase
of deve lopment and that shade the g round fu l ly .
In the SAT there are considerable areas in wh ich
cash crops are raised w i t h i r r igat ion. These
crops pass a good f ract ion of their l i fe cycle in
the rainy season and are of ten at the g round -
shading stage at the start of the rainy season;
they enter the matur i ty phase after the ces-
sat ion of rains. Reasonably good est imates of
water-stress quant i f icat ion for such crops can
be made th rough a s imp le budget ing of weekly
rainfall against weekly PET after a l lowing fo r
so i l -mois ture storage as appropr ia te to the crop
under considerat ion.
In h igh-al t i tude regions of the SAT, plantat ion
crops general ly have f ield-capacity mo is tu re
status w h e n the rains cease. It is easy to deter-
mine this quan tum f rom convent ional soi l -
mois ture measurements . Budget ing of the
stored soi l mois ture plus any incidental rainfal l
against PET can be used (Wil lat 1971) to gauge
the t ime of onset, dura t ion , and severi ty of
mois tu re stress fo r p lantat ion crops.
Perennial orchard crops are also of impor-
tance in SAT areas, as the water needs of these
crops are considerably less than PET (due to the
presence of s tomata most ly on the unders ide of
the leaves and their relat ively h igh RC values).
Budget ing of rainfal l versus the reduced PET
need and appropr ia te RC values could be used
t o q u a n t i f y m o i s t u r e s t ress f o r p e r e n n i a l
orchard crops.
Feasible I m p r o v e m e n t s
In the above three types of studies, the quan -
t i f icat ion can be improved by (1) a l lowing sepa-
rately for evaporat ive deplet ion of rainfal l or
stored mois ture at rates equal to ED at the soil
surface (EDS), (2) budget ing of avai lable
rainfall/soil mo is tu re against PT, and (3) p rov id -
ing for appropr ia te reduct ions in AT w h e n
avai lable rainfal l /soi l mo is tu re is less than RC.
For example, EDS for a ground-shad ing crop
may be 20 ± 5% of PET (Hanks et al. 1969;
Ritchie and Burnett 1971; Burn et al. 1972;
Venkataraman et al. 1976a, 1977), and hence PT
w o u l d be80 ± 5% of PET. Simi lar ly , reasonable
assumpt ions regarding ease of so i l -mois ture
avai labi l i ty in var ious soi ls and for var ious
evaporat ive demands can be made to f ix values
of l ikely AT for one f i l l ing of the root zone to f ie ld
capacity.
M o i s t u r e - S t r e s s Q u a n t i f i c a t i o n
f o r D r y l a n d Crops
Ef fec t ive Rainfal l
Rainfall that is not lost by w a y of evaporat ion,
surface runoff , and percolat ion beyond the
crop-root zone may b e t e r m e d Effective Rainfall
(ER), wh ich provides the sustenance mois tu re
for rainfed crops. For crops seeded early in the
season, assessment of evaporat ive deplet ion
only may suff ice in the presowing per iod. How-
ever, compared to bare so i l , there w o u l d be
signi f icant addi t ional accret ions of effective
rainfall w h e n the crop reaches the g round-
shading stage. This wou ld c o m e a b o u t t h r o u g h :
(a) reduct ion in evaporat ive deplet ion via the
soil surface and reduct ion in surface runoff , (b)
fol iar intercept ion of rainfal l , and (c) increase in
moisture-storage capacity prov ided by the
t ranspi ra tory w i thd rawa l . The inf luence of the
crop factor on evaporat ive deplet ion of rainfall
t i l l the crop reaches the ground-shad ing stage
may be considered as negl igible. Aga in , f rom
the ground-shad ing crop stage the reduct ion in
surface runof f due to the crop cover may be
offset by the enhanced mois tu re status of the
soi l .
Thus, for assessing mois tu re adequacy, the
appropr ia te est imate of ER w o u l d be that relat-
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i ng t o : (1) bare g r o u n d in the c rop-
estab l ishment phase and (2) a soi l surface fu l ly
shaded by fo l iage, f r o m the ground-shading
stage onwards.
Evaporat ive Loss
Under the type of rainfall d istr ibut ion that occurs
in SAT areas, s o p h i s t i c a t e d and c o m p l e x
methodologies may not be necessary to account
fo r evapora t i ve losses in t e r m s of PET and
evaporable moisture on days fo l lowing a wet t ing
(Ritchie 1972). Hence, assessment of evaporative
deplet ion of rainfall appears more straightfor-
ward. For example, total daily falls of rain that are
less than PET may be ignored, and evaporative
deplet ion in a wet spell fo l lowing an amount of
rain greater than PET may be al lowed for at PET
rates t i l l no mo is tu re is left fo r l iquid-phase
evaporat ion or ti l l the accumulated storage ex-
ceeds the moisture capacity of the evaporative
desiccation layer (Venkataraman et al. 1973). In
the former case, the process is repeated when
another wet spell comes along. In the latter case,
the accumulated total in excess of the moisture
capacity of the evaporative zone is put down as
soi l -moisture storage on that date and the pro-
cess recommenced w i t h the above mois tu re
capacity as the input for evaporat ive deplet ion in
subsequent days. If one uses the EDS values
instead of PET values one can get estimates of ER
relating to a ground-shading crop.
Thus for the SAT areas, data are needed on(1)
the maximal quanti ty of evaporat ive deplet ion
per wet t ing of the surface-evaporative zone of 15
cm or so under low, m e d i u m , and high evapora-
t ive demands and (2) the factorial evaporative
potential in relation to PET at a ful ly shaded soil
su r face — u n d e r v a r i o u s c r o p s , l a y o u t
geometry, and soi l types.
S u r f a c e Runof f
The quest ion of account ing fo r surface runof f is
more di f f icul t , as th is quan tum w o u l d be h igh ly
locat ion specific. However , whe re exper imenta l
data on surface runof f under var ious crop cov-
ers, soi l s lopes, and soi l types are avai lable, an
examinat ion of these in relat ion to dai ly totals of
rainfall may enable one to f ix cr i ter ia fo r a l low-
ing for surface runoff (e.g., Kanitkar et al . 1960,
Venkataraman et al . 1973) fo r g iven types of
slopes and covers of soils. Russell (1978) had
observed surface runof f to occur on days on
which dai ly rainfall totals or peak rainfall in-
tensities exceed the moisture-holding capacity
of the surface 30-cm depth of soi l . The latter
quan tum wou ld depend on the mois ture status
of the soi l at the onset of rainfal l .
Hence, in the SAT areas, there is an obv ious
need for publ icat ion of avai lable data on fre-
quencies of occurrence of dai ly rainfall tota ls
and peak-rainfal l intensit ies in var ious ranges;
for studies on the relat ionship between dai ly
and peak-rainfall intensi t ies; for col lect ion of
data on surface runoff under var ious soi l cov-
ers, types, and slopes; and for augmenta t ion of
a network of recording raingauges.
M o i s t u r e Needs
For quant i fy ing mois tu re stress, it is necessary
to determine the durat ions in wh ich the amoun t
and d is t r ibut ion of effective rainfal l (est imated
as detai led above) wou ld have been able to
mainta in crop t ranspi rat ion at potent ia l and
subpotent ia l levels f r o m the actual /propi t ious
date of sowing . For th is , in fo rmat ion on the
progression of t ranspirat ion need of the crop is
required. Before deal ing w i t h the phasic mois-
ture requi rements of crops, i t is necessary to
consider mois ture avai labi l i ty and require-
ments fo r sowing .
Moisture Needed for Sowing
In th is, one needs to consider on ly evaporat ive
deplet ion of rainfall and avai labi l i ty of smal l
storages to t ide over postemergence dry spells.
For example, w e t weeks in wh ich the total
rainfall exceeds PET or there is a mois tu re
storage of 15 mm can be considered suitable.
(Fitzpatrick and Nix 1969; Venkataraman
1977b). For mean ing fu l appl icat ion, these
studies mus t take into account the frequencies
of occurrence of certain s i tuat ions — e.g., a we t
week and a dry week be ing preceded or suc-
ceeded by a we t week. These data, expressed in
te rms of condi t ional f requencies or prob-
abil i t ies (Venkataraman 1977b; V i rman i et al.
1978), are of great va lue in est imat ing the
probable best date of sow ing .
Moisture Needed for Crop Establishment
Exper imental data on consumpt i ve use of
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rainfed crops, w h e n corrected fo r evaporat ive
deplet ion of dai ly fal ls of rains, as in the case
of bare so i l , can g ive a measure of the t ranspi ra-
t ional consumpt ion of the crop dur ing the es-
t a b l i s h m e n t p h a s e . A l t e r n a t i v e l y , w h e n
consumpt ive-use data fo r the same crop under
irr igated condi t ions are avai lable, the t ranspi ra-
t ional consumpt ion can be worked out by a l low-
ing for a f ixed quan tum of evaporat ive deple-
t ion in the interval be tween i rr igat ions. The
transpi rat ional consumpt ion can be related to a 
measure like PET in order to obta in the rat io of
relat ive t ranspi ra t ion. The data on relat ive
t ranspi rat ion could then serve to est imate the
transpi rat ional need of the crop in the estab-
l ishment phase for any g iven crop-weather
s i tuat ion. I t is obv ious that th is wi l l requi re
rel iable dai ly data on ET losses, wh i ch only
careful lys imetry can provide.
Moisture Needed from Ground-Shading
to Maturity
Gauging the t ranspirat ional need of the c rop
dur ing the ground-shad ing to matur i ty stage is
relat ively easy, as one needs only to evaluate
the componen t of evaporat ive potent ia l at the
soil surface in PET. As men t i oned , th is infor-
ma t i on is avai lable fo r typ ica l crops and is
adequate; the t ranspirat ional need of a 
ground-shad ing crop w o u l d be80 ± 5% of PET.
Moisture Needed During Maturity
Under norma l management , dry land crops
enter the matur i ty phase after cessation of
rains. Consumpt ive-use data fo r this phase are
free of in termi t tent spurts in the evaporat ive
losses. However , t he t ransp i ra t ion need in this
phase w o u l d , as already po in ted out , depend on
the physio logical nature of the crop. Determina-
t ion of the ratios of relat ive t ranspi ra t ion for th is
phase shou ld be done for specif ic crop types.
C o m p u t a t i o n o f A c t u a l
Transp i ra t ion
In any crop phase, est imat ing the t i m e of inci-
dence of the mo is tu re stress f r o m a budget ing
of effective rainfall against t ranspi rat ion needs
is faci l i tated by the fact that in the rainy season
(which general ly covers the vegetat ive c rop
phase) the evaporat ive reg ime is more or less
equable. This , in t u rn , means that the pat tern of
extract ion of avai lable soil mo is tu re fo r a g iven
soil t ype w o u l d be the same in all phases. This
pattern can be rat ional ly characterized and used
to locate the commencemen t and end of the
stress per iods.
Fi t t ing o f Crops to Rain
The me thodo logy suggested above is appl ica-
ble to crops of g iven g row th rhy thms and root
constants. The above type of agrometeoro log i -
cal analyses, w h e n carried ou t fo r a set of
root-constant values, can help locate the favor-
able t imes and dura t ion for comple t ion of the
var ious crop phases and hence of feasible crop-
life per iod and du rat ion for each value of RC. It is
then agrometeoro log ica l ly feasible to specify
t he crop t ype tha t — in the l ight of its life
dura t ion , g row th rhy thm, and root constant — 
w o u l d h a v e adap ted i tsel f t o the m o i s t u r e
stresses generated under a g iven rainfall d is-
t r ibu t ion .
Such analyses carr ied out on a year-to-year
basis can be used to (1) de te rmine the most
desirable va lue of root-zone mo is tu re capacity
and (2) wo rk out the f requencies of occurrence
of var ious ranges of crop- l i fe durat ions. This
can in turn be used to plan c ropp ing patterns
that w o u l d serve to al leviate the risks of mo is -
ture stresses due to rainfal l var iat ions in a 
part icular area.
Rainfa l l Z o n i n g
Analyses of the above type of analyses require
del ineat ion of homogeneous rainfall zones in
SAT areas. Probabi l ist ic est imates of assured
weekly rainfal l amoun ts can be used (1) to
demarcate rainfall zones (Biswas and Kham-
bete 1977) and (2) to (a) locate t ime of start of the
crop season, end of the per iod of effective rains,
and midseasonal d ry spel ls; (b) indicate end of
the crop season; and (c) del ineate ag ronomi -
cally homogeneous areas (Venkataraman
1978). Var ious techniques to est imate assured
weekly rainfal l amoun ts on a probabi l i ty basis
have been advocated (Thorn 1958; Gabriel and
Neumann 1962) and are be ing adopted. There is
a need to compare est imates obta ined by var i -
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ous methods , examine features revealed by
t h e m at typ ica l locat ions, and select the most
sui table and least compl icated me thod to wo rk
on rainfal l rel iabi l i ty, especial ly w i th a shor t
data series.
I r r iga t ion T i m i n g s
To prevent mois ture stress in irr igated crops
and max imize water-use eff iciency, correct
amoun ts of water have to be appl ied at correct
intervals of t ime. Quant i f icat ion of the o p t i m u m
irr igat ion need over g iven intervals of t ime is
easier. The quest ion of i r r igat ion t iming/ in terva l
becomes impor tant , not so m u c h for water-
conservat ion, as for max imiza t ion of the com-
mand area and d is t r ibut ion of crops in it.
For schedul ing the amounts and intervals of
i r r iga t ion , the dai ly rat ios of relat ive evapo-
transpirat ion (ET/PET) and the quantum of avail-
able water the crop can d raw upon in var ious
g row th stages are needed. The latter in forma-
t ion is ext remely di f f icul t to obta in , but can be
avoided by adopt ing the fo l l ow ing reason ing:
In regard to the t ime of incidence of crop-
mois tu re stress fo l l ow ing an i r r igat ion, i t may
be argued that the inf luence of f ract ional
g round cover w o u l d be of secondary impor-
tance. Such inf luence could be ignored i f the
ratio of relat ive t ranspi ra t ion [ for any g iven crop
stage(s)] is the same as of relat ive water avai l -
abil i ty, wh ich may be def ined as the ratio of the
actual root constant to the m a x i m u m value
per ta in ing to a fu l ly developed croproot system.
A l lowances for in f luence of f ract ional g round
cover can be made i f the progress ive relat ion-
ship of relat ive t ranspi ra t ion to relat ive water
avai labi l i ty can be establ ished. For example ,
many crops reach the g roundshad ing stage at a 
leaf-area index of 3 (Monte i th et al . 1965; Ritchie
and Burnet t 1971), the m a x i m u m leaf-area
index may be as h igh as 5. If there is an increase
in the root-constant va lue be tween the
ground-shad ing crop stage and the at ta inment
of fu l l leaf canopy, the i r r igat ion interval can be
extended i f the evaporat ive reg ime cont inu es to
be the same.
Such in fo rmat ion wou ld also be useful in
de te rmin ing the t ime of incidence of crop-
mois tu re stress at any stage of the crop, us ing
computa t ions of the m a x i m u m root constant at
potent ia l t ranspi ra t ion rates in fu l ly establ ished
stands. The latter is easier to do, as the relevant
data can be more readi ly obta ined.
Agrometeoro log ica l
Da ta Requi rements
From the above rev iew of factors involved in ,
and the feasibi l i ty of, quant i f icat ion of crop-
mois ture stress and needs, i t appears that the
fo l l ow ing studies/data acquis i t ion w o u l d be
useful in SAT areas:
1. Standardizat ion of the methodo logy fo r
est imat ing occurrence of specif ic/assured
rainfall amounts over weekly per iods at
var ious probabi l i ty levels.
2 . D e v e l o p m e n t o f a g r o m e t e o r o l o g i c a l
criteria for use of rainfall probabi l i t ies in
demarcat ion of homogeneous rainfal l
zones.
3. Computa t ion of c l imatological va lues of
PET at all rad iat ion-measurement stat ions
and use of the same to develop empir ical
fo rmu lae based on s imple meteoro log ica l
parameters for local and operat ional appl i -
cations.
4. Acquis i t ion and compi la t ion of data of total
nonvapor-phase evaporat ion losses per
wet t ing of the surface 15 cm in di f ferent soil
types and under low, m e d i u m and h igh
evaporat ive demands.
5. Acquis i t ion and compi la t ion of data on the
fract ion of the evaporat ive componen t in
PET for typical crops and crop layouts.
6. Augmenta t i on of the network of self-
recording ra ingauge stat ions.
7. Publ icat ion of data on f requencies of oc-
currence of specif ied amounts of dai ly total
rainfal l and peak-rainfall intensit ies.
8. Acquis i t ion of concurrent data on surface
runoff and dai ly and peak-rainfal l inten-
sities.
9. Col lect ion and/or analysis of avai lable dai ly
evapotranspi rat ion data and deve lopment
of s imp le mode ls for screening ou t the
evaporat ion componen t of the ET losses,
especial ly under incomple te crop cover and
inadequate inputs of soil moisture.
10. Acquis i t ion of data on progressive changes
in relat ive t ranspi rat ion in relat ion to rela-
t ive mois tu re avai labi l i ty.
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11. Test ing of mode ls on the accret ion and use
of effective rainfal l .
12. Deve lopment of me thodo logy fo r f i t t ing
crop types and crop phases to g iven
ra infa l l -d is t r ibut ion pat terns, and use of the
same for dry land-use p lann ing to mi t igate
the inf luence of per iodic var iat ions in ra in-
fa l l .
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Research on crop Water Use and Drought
Responses in East Africa
J. Ian Stewart and Fred J. Wang'ati*
Summary
A research project aimed at development of cropping systems for the marginal rainfall 
areas of Kenya is introduced, together with a brief review of pertinent research in East 
Africa. The phrase "sequential research on limiting factors" is used to characterize the 
research concepts and approach taken in the project. A broad relationship between 
potential yield of maize and energy available for growth, using Class-A pan evaporation 
as the integrator of energy, is fitted within the weather pattern at Katumani to show yield 
potentials as related to planting dates at that site. 
Modification of yield potentials of Katumani maize by reducing plant population is 
shown next, using experimental data developed in the project. The final step, in two 
parts, consists of estimating water requirements, which (like yield potentials) are related 
to evaporative conditions and modified by plant population, followed by arbitrary 
assignment of a "yield reduction ratio" which characterizes the relative yield loss rate of 
Katumani maize with increasing ET deficit due to insufficient rainfall. 
Nine water production functions are estimated, showing yield expectations at varying 
levels of ETA. for Katumani maize planted on three dates that accord with the rainfall 
pattern, and at three plant populations on each planting date. The family of water 
production functions offers clear guidance on optimal planting dates and plant 
populations in accordance with anticipated crop water supply. Crop yields are also 
predicted.
It is concluded that development of water production functions of the type described 
for a number of crops suited to a given area, together with development of methodology 
for estimating expected crop water supply, would pro vide the basis for selecting among 
cropping alternatives, and formulating optimal cropping systems from the technical 
standpoint. It would also provide the data required to carry out economic analyses, 
which, when considered together with social constraints, could serve to modify final 
cropping system recommendations. 
Unti l the early 50s, the ma in effort in agr icul tural
product ion and hence agr icul tural research in
East Afr ica was devoted to industr ia l crops l ike
coffee, tea, co t ton , and sisal. Tea presented no
prob lems as i t is g r o w n on fert i le, wel l -watered
highlands. Most coffee estates were also lo-
cated in areas of suff ic ient ra infa l l , and s im i -
larly, the low land areas w i th h igh convect ive
rainfall p roved appropr ia te fo r cot ton. For those
expatr iate farmers w h o could not get in to the
high lands, sisal proved wel l -adapted to the
* USAID/USDA/KARI research project, M u g u g a , and
Kenya Agr icu l tu re Research Inst i tute, Mugaga ,
Kenya, respectively.
drier savanna regions. For these indiv idual
crops, therefore, the major l im i t ing factors were
diseases and maintenance of soi l fert i l i ty.
W i th the large prof i ts to be gained f r o m coffee
product ion , farmers started to extend coffee
product ion to the somewhat drier areas where
supplementa l i r r igat ion cou ld be appl ied f r om
nearby rivers. At this point , the cost of such
irr igat ion was of l i tt le consequence and the
farmers appl ied quant i t ies they judged ( f rom
experience) to be adequate. As i r r igat ion costs
increased, coffee fa rmers became interested in
better methods of i r r igat ion contro l and studies
were in i t iated on the var iat ion of soil mo is tu re
in coffee p lantat ions in relat ion to rainfal l
(Pereira 1957). I t was then soon realized that
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total rainfal l a lone was not a suff ic ient cr i ter ion
for de terminat ion of sui tabi l i ty of an area fo r a 
g iven crop, and intensive studies were ini t iated
to est imate potent ial evaporat ion as an aid to
the de terminat ion of effective rainfall or avai l -
able water . The work of Penman (1948),
Thorn thwa i te (1948), Blaney and Criddle (1950),
and many others was therefore adopted in East
Africa and a network of evaporat ion pans and
agrometeoro log ica l stat ions was quickly estab-
l ished. By the mid-1960s suff ic ient data had
been accumulated to faci l i tate the product ion of
the f i r s t maps of potent ia l evaporat ion (Penman
E0) for the who le of East Afr ica (Dagg et al.
1970).
Whi le the hydrometeoro log ica l studies were
in progress, i t was recognized that crops d id not
necessari ly t ranspi re at the potent ia l rates as
def ined by Penman (1948), and parallel re-
search work was set up to est imate the actual
water balance of a f ield crop. This work w o u l d
aid in de te rmina t ion of crop-water require-
ments. The recogni t ion of the var iat ion of
crop-water requ i rement w i th stage of develop-
ment (ground cover and root ing depth) opened
the way to a rat ional approach to the who le
concept of match ing crops, inc luding long-
season crops like maize and so rghum, to envi-
ronments descr ibed by effect ive rainfal l and soi l
water storage characterist ics (Dagg 1965).
These studies also had an impact on maize
breeding in Kenya where breeders soon pro-
duced short- and medium-matur i ty maize va-
rieties to f i t w i th in per iods of avai lable water in
dif ferent ecozones. The precis ion required in
the water balance could not, however , be easily
achieved in mon i to r ing f ie ld soi l prof i les, in
spite of the improvements in techniques of
soi l -moisture measurements f r o m grav imetr ic
sampl ing th rough so i l -mois ture resistance
units to neutron-scatter ing techniques. Re-
search work , therefore, started on the design
and instal lat ion of we igh ing lys imeters (Glover
and Forsgate, 1964; Forsgate et al. 1965).
Successful deve lopment of a s imple , inex-
pensive hydraul ic we igh ing lys imeter has faci l i -
tated in the last ten years de terminat ion of crop
water-use patterns fo r sugarcane (Blackie
1969), maize and beans (Wang'at i 1972), tea
(Dagg 1970) and, to a l im i ted extent, bananas
(Nkedi-Kizza 1973). Mos t of these exper iments
were, however , des igned to p rov ide general
water-use patterns under condi t ions of opt i -
m u m soi l -moisture avai labi l i ty and good soi l
fert i l i ty. The expectat ion was that i f accurate
estimates of g row th stage-related crop-water
requirements, E T M , could be related to the
potent ial evaporat ion or a tmospher ic demand ,
Eo, wh ich is a c l imatological parameter, then
not only cou ld crops be matched w i th effective
rainfal l , but also th is wou ld lead to a more
ra t iona l d e t e r m i n a t i o n o f s u p p l e m e n t a l -
i r r igat ion requi rements and hydrological imp l i -
cations for changes in land use.
In recent years, it has been recognized that for
crop water-use studies to be mean ing fu l , the
yie ld response of the crop to water defici ts must
be known. Observat ions also showed that, fo r
maize, severe water deficits at the fert i l izat ion
and grain-f i l l ing stages resulted in marked y ie ld
reduct ion. The concept of c rop water-use ef-
f iciency, wh ich combines studies of crop-water
use and d rought response, has therefore gained
prominence, especially when deal ing w i th
selection of crops for adaptat ion to marg ina l
rainfall areas. It is known that di f ferent variet ies
of a crop have vary ing degrees of d rought
tolerance in relat ion to survival and to y ield
reduct ion. Current and future research is there-
fore or iented to elucidat ing this phenomenon
and its use in the deve lopment of c ropp ing
systems.
The current project on deve lopment of crop-
p ing systems is a imed at rainfed crop produc-
t ion on small farms in the marg ina l rainfall
areas of Kenya. It began in October 1977 and is
being carried out by the Agr icu l ture Research
Department of the Kenya Agr icu l ture Research
Institute. Scientists and fund ing are being pro-
v ided in the init ial years of the study by USAID.
Details of the background, func t ion ing, and
goals of the project are set fo r th by Stewart and
Wang 'a t i (1978).
This paper util izes a sequence of s ix f igures to
i l lustrate concepts and research approaches of
the project.1 The intent of the f igures is out l ined
brief ly here, after wh ich they wi l l be discussed
in detai l . Figures 1 and 2 show broad relat ion-
ships between c l imate (avai lable energy) and
potent ia l y ields of cot ton and alfalfa. Such
relat ionships may be t ransferable f r o m one
place to another, even between countr ies. They
1. Some symbols and def in i t ions used are explained
at the end of th is paper.
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are the star t ing po in t for deve lopment of site-
specific water -p roduc t ion funct ions to be used
to gu ide crop management fo r op t ima l use of
avai lable water, and to predict crop y ie lds in
accordance w i t h water expectat ions. Such func-
t ions are i l lustrated in the f ina l f i gu re but f i rst
there are in termedia te steps to take.
Figure 3 combines data f r o m a coord inated
research effort at fou r sites in the western USA
(Stewart et al. 1977a) w i th local data developed
in the current project to suggest a c l imat ic
l imi ta t ion on maize yields, appl icable to the
USA and East Afr ica and elsewhere. The au-
thors w ish to emphasize at th is po in t that
Figures 3, 4, and 6 represent research in p rog-
ress, and are thus pr imar i l y i l lustrat ive — i.e.,
they incorporate all avai lable data and the
operat ive research concepts and assumpt ions,
but are not presented as def in i t ive in quant i ta-
t ive terms.
Figure 4 i l lustrates the adaptat ion of the
broad relat ionship in Figure 3 to a specif ic site,
the Katumani Dry land Farming Research Sta-
t ion , Machakos District, Kenya. Three maize
exper iments have been comple ted under the
project, and fou r th wi l l be harvested in
November , 1978. Figure 4 emphasizes the im-
portance of p lant ing date to potent ia l y ie ld .
Figure 5 shows an exper imenta l ly deter-
m ined relat ionship between y ie ld o f "Ka tuman i
ma ize" and plant popula t ion. Katumani maize,
Figure 1. Yields of mid-July planted seed cot-
ton versus Sept-Nov sunshine 
hours in the Managua-Granada area 
of Nicaragua, 1965-1973 inclusive. 
Figure 2. Broad correlation between rates of 
Alfalfa production and pan evapora-
tion. Well-managed first- and 
second-year stands with adequate 
water. Four climate zones, 11 years, 
six locally adapted varieties. 
Figure 3. Suggested climatic limitation on 
maize yields, with weather integ-
rated by class-A pan evaporation. 
Locally adapted maize hybrids, 
well-managed with adequate water, 
except as noted. 
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with maturity of 110-120 days, is a composite
bred and selected in Kenya for marginal rainfall
areas. Figure 5 emphasizes the important role
plant population plays in determining yield
potential in field plantings.
Hopefully, by this time the approach being
taken is becoming clear. It might be termed
"sequential research on limiting factors." In
marginal rainfall areas, water is commonly
termed the most limiting factor. Our approach
would place it instead as the final limiting factor
in a succession of limiting factors — beginning
with available energy, then becoming site
specific in the form of planting date, then
considering plant population, after which other
factors are considered as required, e.g., soil
fertility, salinity, weeds, pests and diseases,
etc., and finally, water availability. At each step,
all factors not yet considered are taken to be at
the optimal level.
Through consideration of all possible yield-
limiting factors is beyond the scope of this
paper. Figure 6 moves directly to the water
factor. First it shows potential yields of Katu-
mani maize planted in the Katumani area on
three different dates at three different popula-
tion levels. Next, relationships from recent re-
search (Stewart 1972; Stewart et al. 1973;
Stewart and Hagan 1973; Stewart et al. 1977)
are used to calculate water requirements to
attain potential yields in each of the nine crop-
ping situations, and to suggest rates of decline
of yield with declining water availability. In
keeping with what was said in the preceding
paragraph, all yield levels shown in Figure 6 
(including all points along the lines represent-
ing inadequate water) are predicted on the
assumption that fertility and other factors not
evaluated are at levels which permit the yield in
question to be produced.
Figure 4. Suggested effects of growing-season evaporative conditions on potential yield of 
Katumani maize, relative to planting date (Preliminary data. Additional study required). 
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Recommend ing a part icular c ropp ing system
over others impl ies a knowledge of expec-
tat ions f r o m each. Thus the key w o r d is predic-
t i on , the very essence of p lann ing. Every p lan-
ner predicts; p robab ly every fa rmer w h o plants
a crop bases that act ion on a pred ic t ion, al-
t hough perhaps intui t ively. Therefore our goal
is not to change the sys tem, but s imp ly to
sharpen i t t o g a i n a m o r e quant i ta t ive predic t ion
abil i ty.
T w o types o f mode ls require deve lopment .
One, w h e n fed all t he in fo rmat ion on the envi-
ronment and management proposed for a speci-
f ied c rop, w i l l s imula te reality and predict the
y ie ld . The second mode l shou ld be able to scan
all feasible c ropp ing al ternat ives, opt imize
each, and predict thei r y ie lds, together w i t h a 
package of management recommendat ions .
Only the demands on (and therefore the
mathemat ica l procedures of) these mode ls dif-
fer, the input requi rements fo r both be ing the
same. Wha t is needed in the w a y of input are
transferable relat ions quant i fy ing genetical ly
contro l led crop responses to env i ronment , and
Figure 5. Maize grain yield versus plant population, at Katumani Drylands Farming Research 
Station, Kenya. Experiment planted 16 Nov 1977. USAIDIKARI Project: Cropping 
systems for marginal rainfall areas (Experimental conditions: High fertility, nearly 
adequate water). 
site-specific measurements of the latter. Details
of the needed relat ions and measurements w i l l
be developed w i th reference to the f igures in
this paper.
Trans fe rab le Re la t ions b e t w e e n
Crops and The i r E n v i r o n m e n t
The most broadly appl icable re lat ionship, and
the mos t readi ly quant i f ied w i th avai lable data,
is that between energy avai lable for pho tosyn-
thesis and other b io logical processes and y ie ld
of a g iven crop species w h e n managed w i t h the
best techno logy known . Recogni t ion of such a 
relat ion in the t rop ics is made by Clements
(1964), w h o , in c i t ing an earl ier study (Clements
1940), notes: "Desp i te s imi lar soi ls, mean
temperatures, and adequate mois ture , differ-
ences due most ly to the absorbed sunl ight
caused about doub le the g row th of (sugar) cane
in one area of Hawai i as compared w i th
another . " Such an observat ion, i f va l id , has
far-reaching impl icat ions for the si t ing of sugar
plantat ions and select ion of crop techno logy.
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Figure 6. Suggested family of Y vs ET func-
tions for Katumani maize planted on 
three dates at three plant popu la -
tions. Water requirements, ETM, @ 
maximum yield, YM vary greatly, 
but the yield reduction ratio, YRR, 
remains constant (see text). I l lustra-
tive only. Research in progress. 
Cotton is produced under rainfed condi t ions
in the Pacific Coast Region of Nicaragua. The
volcanic soi ls of the area are general ly fert i le,
we l l -d ra ined, fair ly deep, and of modera te to
h igh water -ho ld ing capacity. Techno logy of
product ion is un i fo rm ly at a h igh standard.
Fields are large and mach ine-worked, and fer-
ti l izers and insect sprays are appl ied rout inely.
Processing and market ing are contro l led by
government , so y ie lds are measured and pub-
l ished for each distr ict indiv idual ly by the Comi -
sion Nacional del A lgodon .
It is general ly bel ieved that crop yie lds in the
Managua-Granada area are often l im i ted by
water avai labi l i ty, and thefeas ib i l i ty of develop-
ing groundwater for i r r igat ion of cot ton and
other crops was under study by a UNDP team in
1974. Act ing as a consultant, I developed the
f ind ings in Figure 1, where, f o r t h e 9-year per iod
(1965-1973) average seed-cotton y ie lds f r o m
116 growers in four distr icts in the Managua-
Granada area are p lot ted versus total sunshine
hours dur ing the 3 pr incipal g row ing mon ths ,
start ing 6 weeks after p lant ing.
For 8 of the 9 years, 79% of the annual
var iat ion in cotton y ie lds may be explained by
sunshine hours. Only in 1972 was water clearly
l imi t ing (Fig. 1). On the face of it, i r r igat ion
deve lopment wou ld not appear war ran ted .
However, the answer is not qu i te that s imple.
Some of the advantages of i r r igat ion are
obvious. First, 1000 kg/ha more seed cot ton
should have been produced in 1972. Averaged
over the 9-year per iod, that amounts to 111
kg/ha per year. Next, i r r igat ion wou ld permi t
p lant ing at a later date, extending the season
into the dry per iod, wh ich is less c loudy, hence
gain ing sunshine hours and y ie ld. The f igure
shows the expectations for sunshine hours and
corresponding yie lds for p lant ings in m id -Ju ly
(present practice), mid-August , and m id -
September. Mov ing the plant ing date to Augus t
w o u l d increase yie lds some 400 kg/ha, and to
September, another 300 kg/ha. Thefeas ib i l i ty of
th is suggest ion is already establ ished by s o m e
for tunate growers in the Chinandega area w h o
have extremely deep soils w i t h h igh water-
hold ing capacity. They do plant later and re-
ceive markedly h igher yields.
Disregarding i r r igat ion. Figure 1 offers gu i -
dance as to the level of crop techno logy that can
be economical ly appl ied to a cot ton crop in the
area in quest ion. For example, i t w o u l d be
wasteful to ferti l ize at levels suff ic ient fo r 4000
kg/ha, when 3000 is the upper l im i t of y ie ld
expected.
Figure 2 shows a h igh correlat ion between
dai ly product ion of alfalfa and dai ly rates of
evaporat ion, each taken as seasonal averages.
175
Shor t r a i n s , p l a n t 1 N o v ( N o r m a l )
P l a n t p o p u l a t i o n ( a s s h o w n )
L o n g r a i n s , p l a n t 2 2 M a r ( N o r m a l )
L o n g r a i n s , p l a n t 2 M a r ( E a r l y )9 . 5
8
7
6
5
4
3
2
1
0 .
9
Y R R = 1.2
0 100 200 300 400 500
S e a s o n a l e v a p o t r a n s p i r a t i o n (mm)
Stewar t and Hagan (1969a) s h o w that, due to
cycl ing of photosynthates out of root reserves
in the early season and into the root sys tem in
the late season, the apparent fodder p roduct ion
per uni t of evaporat ion is h igher in spr ing than
indicated in Figure 2, and lower in fa l l . The
mid-season product ion and the total season
average are as shown .
Evaporat ion integrates a number of weather
factors, the pr inc ipal one being solar radiat ion.
Others include temperature , humid i t y , and
w i n d . The crop-water requ i rement is governed
direct ly by the same factors, and fo r alfalfa
averages approx imate ly 0.85xClass-A pan
evaporat ion. The average includes recovery
per iods after cut t ing. Therefore, Figure 2 pro-
vides the in format ion required for predict ive
est imates of p roduc t ion , water use, and water-
use eff iciency in di f ferent c l imat ic zones.
Another po in t of interest concern ing the data
shown in Figure 2 is that six di f ferent var iet ies
of alfalfa are represented in the 11 years of da ta ;
each is known to be "we l l adap ted" to the local
area. This suggests def in ing an adapted var iety
as one wh i ch , w h e n g iven adequate water and a 
h igh level of management , produces at the
m a x i m u m level of water-use eff iciency that
accords w i th the c l imate.
Figure 2 impl ies that a fu l l -cover stand of
wel l -adapted and v igorous ly g r o w i n g alfalfa
does not become l ight saturated w i th in the
ord inary range of agr icul tural cl imates. This is
not t rue of many crops; e.g., Stewar t and Hagan
(1969b) report that wheat requires tw ice as
much water to p roduce a y ie ld in Texas, where
evaporat ive rates are h igh , as it needs for the
same y ie ld in Montana.
Maize, the most impor tan t food crop in
Kenya and of great impor tance in much of the
semi-ar id t ropics, is in termediate between al-
falfa and wheat in l ight-saturat ion va lue, ac-
cord ing to f ind ings in 2 years of coord inated
exper iments (Stewart et al. 1977a).
In Figure 3, y ie lds of maize grain f r o m the
eight coord inated exper iments are p lo t ted ver-
sus the average dai ly rate of Class-A pan evap-
orat ion dur ing the season. Wel l -adapted hyb-
rids of s imi lar matur i ty ( ~120 days) were g r o w n
in each instance, w i t h adequate water and the
best management practices k n o w n , except
where no ted. Al l of these condi t ions are met in
four of the eight exper iments (Logan, Utah,
1975; Ft. Col l ins, Colo, 1974; and Davis, Calif,
1974 and 1975), wh i ch are l inked by the so l id
l ine to suggest a practical upper l im i t to y ie ld of
med ium-matu r i t y maize var iet ies in c l imates
represented by the evaporat ion rates shown .
The l ine is extrapolated to lower evaporat ion
zones, suggest ing zero gra in y ie ld be low ap-
prox imate ly 2.8 mm per day.
The m a x i m u m yie ld reached is 12 000 kg/ha
at the suggested evaporat ion rate of about 7.5
mm/day. Presumably th is represents the si tua-
t i on w h e n l ight saturat ion occurs. Y u m a ,
Arizona is a special case, w i th evaporat ion rates
averaging more than 9 mm/day and dai ly
m a x i m u m temperatures averaging 41.2° and
36.8°C dur ing the po l l inat ion per iods in 1974
and 1975, respectively. Even the highest i rr iga-
t ion t rea tments appl ied fai led to complete ly
supp ly the water requirement.
At Fort Coll ins in 1975, p lant ing was delayed
unt i l 27 May by cold wet condi t ions. Frost then
foreshor tened the grain- f i l l ing and matura t ion
per iod w i t h harvest on 19 September. Yie lds
were be low norma l all over Colorado, as wel l as
in the exper iment . At Logan in 1974, phos-
phorus fert i l izer appl icat ions were l im i ted , w i th
the result seen in Figure 3. Thus the f igure
shows both an overal l c l imat ic l im i ta t ion to
y ie ld , and the addi t ional effects of inc lement
weather and deficiencies of water and ferti l iz-
ers. Effects of such negat ive y ield factors wi l l
receive fur ther at tent ion later.
Yields f r o m t w o maize exper iments at Katu-
man i , Kenya, are f i t ted w i th in the f ramework of
Figure 3. The f i rst exper iment was not i r r igated,
and fal ls be low the potent ia l y ie ld l ine. The
second expe r imen twas i r r igated, hence is f i t ted
along the (extrapolated) l ine. The indicated rate
of Class-A pan evaporat ion is 5.1 mm/day,
whereas that actually measured was 3.8. The
ratio (3.8/5.1) g ives rise to a factor of 0.75,
occasioned by the fact that all evaporat ion pans
in Kenya are screened against birds and ani-
mals. I t may be noted that fac tor ing of evapora-
t ion pans fo r di f ferences such as screening,
s i t ing, etc., is an impor tan t goal of the project ,
not as yet accompl ished. Later studies w i l l
p rov ide the correct factor, but for purposes of
i l lust rat ion, 0.75 is accepted as reasonable.
Other t ransferable re lat ionships between
crops and their env i ronment must be nar rowed
to the var ietal level and translated into relat ive
values in order to be t ransferred f r om one set of
condi t ions to another. Examples of such rela-
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t ions are (a) y ie ld per uni t land area versus plant
popu la t ion , and (b) y ie ld versus crop water
supply or ET, i.e., Y vs ET funct ions. Both of
these relat ions are discussed later, a long w i th
site-specif ic measurements of the env i ronment .
I t w i l l be demonst ra ted h o w the relative va lue
relat ionships are returned to absolute values
f i t t ing the new circumstances.
E n v i r o n m e n t a l M e a s u r e m e n t s
and F i t t ing o f T ransferab le
Crop Relat ions
T h e f i r s t s t e p i n making the general relat ionship
expressed in Figure 3 site specif ic is to col lect
and analyze Class-A pan-evaporat ion records.
Figures cover ing the past year at Katumani
(30 Ju l , 1977-29 Ju l , 1978) are shown as dai ly
averages for 10-day per iods in Figure 4. This
f igure " looks ahead" at evaporat ion expecta-
t ions dur ing the 120-day g row ing season fo l -
l ow ing any given maize-plant ing date one
might consider. Based on the 120-day average
evaporat ion rate, the potent ial y ie ld of maize
(derived f r om Fig. 3) is plotted directly above the
plant ing date. The cont inuous dark line l inking
potent ia l y ie ld to p lant ing date is developed in
this manner.
Figure 4 also includes the 20-year rainfall
pattern f r om the nearby t o w n of Machakos,
compi led by Dr. H. M. Nadar, Ag ronomis t in the
project. Rainfall does not inf luence potent ial
y ie ld , bu t as the curves indicate, it is the key
determinant of p lant ing date in rainfed agr icul-
ture. Farmer practice is to wa i t unt i l the rains
have def in i te ly begun before prepar ing the
seedbed and p lant ing. In Figure 4, ar rows are
aff ixed to the potent ia l y ie ld l ine, show ing
normal p lant ing dates wh ich accord w i th the
b imodal rainfall pattern. On these dates, a 
potent ia l of 9100 kg/ha is suggested for the
short- ra in season, but on ly 5400 kg/ha in a 
long-rain-season.
Because of the nearly comp le te dryness f r o m
June th rough September and early October,
l i t t le f lex ib i l i ty exists in the short-rains p lant ing
date. However , if the land is fa l lowed or a 
shor t - term crop l ike beans is g r o w n dur ing the
short rains, and weeds are contro l led in January
and February, then p lant ing cou ld in many
years be accompl ished w i th the l ighter rains
around March 1. This w o u l d increase the poten-
tial y ie ld to 6700 kg/ha, wh i le making better use
of the rains to come in t w o ways. First, t he rains
in early March w o u l d not be evaporated dur ing
land preparat ion and lost to the crop, and
secondly, the rains wou ld effectively cease 30 to
40 days before crop matur i ty , instead of the
usual 50 to 60 days. In other words , the chance
of realizing the higher potent ia l created by early
plant ing is greater than that of realizing the
lower potent ial associated w i th the normal
plant ing date.
Fol lowing the sequence described in the in-
t roduct ion, the next inf luence on potent ial y ie ld
that requires attent ion is plant populat ion. Fi-
gure 5 plots relat ionships found between y ie ld
and plant populat ion in the f i rst exper iment
planted at Katumani in November , 1977. Katu-
mani maize and another shor ter-matur i ty com-
posite were tested, but on ly the fo rmer is of
interest here. Irr igat ion was not avai lable, but
rainfall was above norma l , and a l though water
deficits occurred, they were not severe. There-
fore, a strong response is seen th roughou t the
range of plant populat ions tested.
It is apparent that the op t ima l plant popula-
t ion for realizing the potent ial y ie ld levels
reflected in Figure 4 is in excess of 60 000
plants/ha. This agrees w i th many publ ished
results f rom plant-populat ion studies in the
USA and elsewhere, using med ium-matu r i t y
maize cult ivars. Also, in agreement w i t h other
studies is the f ind ing that the opt imal leaf-area
index (LAI) is wel l above 3, indicated in Figure 5 
at a populat ion of 51 000/ha.
The current recommendat ion to fa rmers is to
plant Katumani maize at a spacing of 30 cm in
rows 90 cm apart, thus at 37 000 plants per ha.
Few farmers actually plant th is heavi ly, so the
level of 17 000/ha has been selected for the
example (Fig. 6). When yields at di f ferent popu-
lations in Figure 5 are made relat ive to the
m a x i m u m (yield at 60 000 + plants per hec-
tare = 100%), we f ind y ie ld at 37 000 plants/ha
equals 73% of m a x i m u m and 3 9 % at 17 000
plants/ha. Assuming this relat ive-value re-
lat ionship to be val id for Katumani maize
whenever water is adequate (or nearly
adequate), and other management factors are
at high levels, we are now able to predict
potential y ields not on ly for d i f ferent p lant ing
dates, but modi f ied by plant popu la t ion as we l l .
Our f inal interest is in quant i fy ing responses
to d rought of var ious intensit ies, and we have
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already de te rmined y ie ld w i t h no d rough t , i.e.,
y ie ld w h e n actual evapot ransp i ra t ion, E T A , i s
equal to E T M , and the water requ i rement i s
sat isf ied. The f i rst step is to quant i ta t ive ly est i-
mate wha t the water requ i rements are w h e n
plant ing maize at Katumani on di f ferent dates
and d i f ferent popula t ions. Many workers have
shown close re lat ionships be tween crop ET
rates and evaporat ive condi t ions, w i t h chang-
ing coeff ic ients as the crop progresses f r o m one
g row th stage to another. Doorenbos and Pruitt
(1977) summar ize much of this work .
We favor relat ion of m a x i m u m ET rates to
Class-A pan evaporat ion, thus enabl ing est ima-
t ion o f seasonal E T M and m a x i m u m y ie ld YM
f r o m the same set of (pan) readings. If on ly a 
tota l f igure fo r seasonal E T M is desi red, a quick
est imate can be made for med ium-matu r i t y
maize by s u m m i n g Class-A pan evaporat ion
expected in theseason , and mu l t ip l y ing by 0.65.
This assumes a ful l leaf canopy, i.e., LAI equal to
or greater than 3.0. When plant popu la t ion is
reduced to 37 000/ha, LAI = 2.2, and the water
requi rement wi l l be reduced approx imate ly
10%. At 17 000 plants/ha, LAI = 1.0 and the
reduct ion in water requ i rement is approx i -
mately 30%. These re lat ionships have been
used to est imate values of E T M cor respond ing
to the values of potent ia l y ie ld YM in Figure 6.
The f inal t ransferable relat ionship governed
by crop genetics is the relat ive value Y vs ET
funct ion. This func t ion has been demonst ra ted
to be l inear in f o r m fo r a number of crops,
inc luding maize (Stewart et al. 1975), p in to
beans (Stewart et al. 1976), pink beans and
cot ton (Stewart et al. 1977), and l ight red k idney
beans and the new UC-82 A square-round
processing t oma to (unpubl ished).
Stewart et al. (1975) have def ined the "Y ie ld -
reduct ion ra t io , " or YRR, as the relat ive va lue
slope of the Y vs ET func t ion . It is percent
reduct ion in y ie ld , d iv ided by the percent
evapotranspi rat ion defici t , E T D . E T D in tu rn is
def ined as E T M - E T A . Therefore, %ETp=
E T D / E T M X 1 0 0 . Stewar t e t al. (1977a) s h o w that
YRR is a var ietal characterist ic in maize, and
reproduces itself in di f ferent env i ronments
even t hough E T M and YM may be qui te changed.
In F igure6, a va lueo f 1.2 has been assigned to
represent YRR of Katumani maize, and all n ine Y 
vs ET funct ions are d r a w n accordingly. As w i th
other por t ions of th is i l lust rat ion, a def in i t ive
determinat ion of YRR fo r Katuman i maize has
not yet been made, but the va lue of 1.2 is
reasonable and suits the present purpose.
The comple ted f igure compar ises a fami ly of
Y vs ET funct ions useful fo r mak ing decis ions
about op t ima l dates of p lant ing and plant popu -
lat ions, based on ant ic ipated crop-water sup-
ply, i.e., on ETAexpected to resu l t f r om avai lable
soil water in storage at p lan t ing t ime , p lus
effective rainfall du r ing the g row ing season.
Having selected the practices to fo l low, the
appropr ia te Y vs ET funct ion provides an est i-
mate of expected y ie ld , again according to
ant ic ipated ETA,
One note of caut ion is indicated in Figure 6 by
the curved l ine cut t ing t h rough all 9f unct ions at
approx imate ly the po in ts whe re E T A = 0.5 E T M .
This is to indicate that the funct iona l re lat ion
cannot be relied upon after E T D exceeds 50% of
E T M . Wi th such severe def ic i ts, especial ly i f
g rouped in certain g r o w t h stages rather than
being spread t h roughou t the season, g row th
may become qui te abnorma l , and gra in y ie ld
may p lunge to l i t t le or no th ing . Therefore, for
example, Figure 6 indicates that the nine plant-
ing opt ions are v iab le i f t he water supply
guarantees an E T A of 250 mm or greater, but
only the lower f ive opt ions are open i f expected
ETA is 200 m m , and only the lowest t w o opt ions
if expected ETA is 150 m m .
S y m b o l s a n d Def in i t ions
Adapted var iety
Any crop var iety wh i ch , w h e n g iven
adequate water and a h igh level of man-
agement , w i l l p roduce a t the m a x i m u m
level of water-use eff iciency wh ich accords
w i th the c l imate.
LAI
Leaf-Area Index; the area of leaf surface
(one side only) per uni t land area.
YM
M a x i m u m y ie ld is the expectat ion w h e n
water is adequate, l im i ted only by avai lable
energy and p lant popu la t ion . The start ing
points for Y vs ET funct ions, as p lot ted in
Figure 6.
ETM
M a x i m u m evapotranspi rat ion is that wh i ch
occurs w h e n the crop-water requ i rement is
fu l ly sat isf ied. YM is the cor respond ing y ie ld
expectat ion.
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ETA
Actua l evapotranspi ra t ion, wh ich may
equal E T M i f water is adequate, or may be at
any lesser level if water is l imi ted.
ETD
Evapotranspi rat ion deficit, o r E T M - E T A .
To express intensi ty, may be given as a 
percentage of E T M .
Eo
Evaporat ion f r o m an extensive free water
surface (after Penman).
Water-Product ion Funct ion
A n y funct iona l relat ion between crop yield
and water.
Yvs ET 
A water -p roduc t ion func t ion showing crop
yie ld versus seasonal total evapotranspira-
t ion over the range f r o m ETM downward .
This s ingle-valued funct ion does not spe-
cif ical ly consider the l inkage of ET defici ts
w i t h part icular g row th stages, hence i t rep-
resents the highest y ie ld expectat ion at any
given seasonal ETD level, i.e., i t assumes
opt ima l t im ing of ET defici ts.
YRR
Yie ld Reduct ion Ratio; the relative value
slope of the Y vs ET func t ion as it decl ines
f r o m E T M , Y M . Percent reduct ion in y ie ld per
percent ETD YRR for a g iven crop and
var iety is t hough t to be a genet ic charac-
terist ic, reproducib le in di f ferent env i ron-
ments. It is also a measure of d rought
resistance — the lower its YRR, the more
drough t resistant the var iety.
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Plant and Atmospheric Parameters in Water
Stress Studies 
M. V. K. Sivakumar and S. M. Virmani*
Summary
In order to improve water-use efficiency in productive agriculture, an understanding of 
the crop-water deficits and the controlling parameters is essential. Plant-water deficit 
that develops in any particular situation is the result of a complex combination of soil, 
plant, and atmospheric factors, all of which interact to control the rate of water 
absorption and water loss. 
Some of the important atmospheric and plant parameters that could be effectively 
used in quantifying water stress effects have been examined here. Net radiation, air 
temperature, vapor-pressure deficit, and wind speed are the atmospheric parameters 
that help in the description of canopy microclimate and the local potential for water loss 
at different points inside the plant canopy. The action of and the interaction among these 
parameters, depending on soil moisture conditions, produce crop-water deficits and 
such deficits could be quantified, using plant parameters such as stomatal resistance, 
leaf-water potential, leaf area, and leaf temperature. 
It is essential to note that a feedback mechanism exists in the soil-plant-atmosphere 
continuum and hence the parameters described here should be examined from the 
holistic aspect and not in isolation. Such an examination should aid in understanding of 
the canopy-moisture environment. 
Semi-ar id t ropical areas are usual ly charac-
terized by low to very low precip i tat ion w i th a 
marked seasonal var iabi l i ty. Water is the l imi t -
ing factor for agr icul tural product iv i ty , and f ie ld
crops suffer — at t imes severely — f rom water
defici ts in these areas.
Any so lu t ion to c l imato logica l water defici ts
in a g iven area must be evolved by the de-
ve lopment of effective crops and techniques for
soil and water management . Evaluat ion of
crop-water stress is an impor tan t prerequis i te in
such studies. Effective evaluat ion of crop-water
stress should consider the plant response to
env i ronmenta l condi t ions and characterizat ion
of these condi t ions.
Review of the extensive l i terature on evalua-
t ion of crop-water stress is beyond the scope of
th is paper. The purpose here is to discuss
semiquant i ta t ive ly the impor tance of var ious
* M. V. K. Sivakumar is Agroc l imato log is t and S. M.
V i rman i is Principal Agroc l imato log is t and Prog-
ram Leader, Farming Systems Research Program,
ICRISAT.
plant and atmospher ic parameters that may be
useful in water-stress exper iments, d rawing
upon only a few data to i l lustrate the points.
W a t e r Transfer in t h e Soi l -
P l a n t - A t m o s p h e r e C o n t i n u u m
(SPAC)
In evaluat ing the relat ionship between mois ture
stress and plant response, it is necessary to
consider how water deficits develop. A s imple
pathway of water transfer in the SPAC (Perrier
1973) is presented in Figure 1. Water moves in
response to a potent ia l gradient. The rate of
absorpt ion of water f r o m the soi l is contro l led
by the eff iciency of root systems, soi l tempera-
ture, concentrat ion of soi l so lu t ion, and free-
energy status of soil moisture.
When plant roots are in equ i l ib r ium w i th soi l
water and w h e n soil mois ture is at f ie ld ca-
pacity, a base level of leaf-water status can be
def ined (Slatyer 1963). Assuming a low or
near-zero evaporat ive demand si tuat ion (as
happens dur ing the night) , losses of water are
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min ima l and leaf-water status wi l l be near the
level of equ i l ib r ium w i th the soil water. But
under f ie ld condi t ions, several componen ts
(such as temperature , vapor-pressure defici t ,
w i n d speed, etc.) cause a decrease in the tu rgor
pressure of upper leaves in the crop canopy and
an increase in the rate of t ranspi rat ion. Transpi -
rat ion is also contro l led by leaf area and struc-
tu re and extent of s tomata l open ing. Transpi-
rat ion and the factors d r i v ing this dynamic
process have an impor tant inf luence on leaf
temperatures.
A s s u m i n g a near-complete crop cover, mois-
tu re stress is the result of an imbalance between
the supply furn ished by soi l water and the
amoun t needed by the plant as inf luenced by
the atmosphere.
The pa thway of water t ransfer (Fig. 1)
suggests several impor tan t a tmospher ic and
plant parameters useful in water-stress studies.
The discussion presented be low is in tended
pr imar i ly to evoke interest in these impor tan t
measu rements in order to qu anti fy water-stress
effects under f ie ld condi t ions.
A t m o s p h e r i c P a r a m e t e r s
The process of t ranspi rat ion may be physical ly
descr ibed in te rms of a resistance to a d i f fus ive
and turbu lent vapor f lux in the external air and a 
s imi lar d i f fus ive resistance that is the resultant
of internal leaf geomet ry , inc luding the s tomata
and (parallel to the latter) a resistance to the
vapor d i f fus ion t h rough the cuticle (Raschke
1956). Accord ing to the theory of turbu lence,
the upward f l ow of water vapor in air is equal to
the product of t he vert ical gradient of vapor
pressure and the rate of m ix i ng as determined
by w ind speed. The impor tan t a tmospher ic
parameters that contro l the rate of t ranspi rat ion
appear to be air temperature , w i n d , vapor-
pressure def ic i t , and the energy (net radiat ion)
avai lable to the canopy.
A i r T e m p e r a t u r e
The response of ind iv idual p lant phys io log ica l
processes to changes in temperature are not
wel l known because of the interact ion a m o n g
processes and other env i ronmenta l factors.
Tempera ture response varies f r o m crop to crop
and also f r om var iety to var iety w i th in a plant
species.
Temperatures in the hot ar id and semi-ar id
cl imates are the highest in the w o r l d (Critchfield
1966). The general ly clear skies faci l i tate max i -
m u m radiat ion in day t ime and rapid loss of
heat at n ight , causing w i d e d iurnal ranges of
temperature , wh ich in summer may reach 20 to
30°C in hot areas. The photosynthet ic process
appears to become heat- inact ivated at exces-
sively high temperatures wh i le respirat ion is
not inh ib i ted ; the apparent photosynthesis de-
clines rapidly under these condi t ions (Moss et
al. 1961).
The harmfu l effects of excessive tempera-
tures are usual ly aggravated by lack of avai lable
moisture. Hot dry w inds w i l l fu r ther increase the
damage. The y ie ld of gra in so rghum is ad-
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Figure 1. Water transfer in the soil-plant-
atmosphere continuum (after Per-
rier 1973). 
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versely affected by high temperatures occur-
r ing at f l ower ing (Skerman 1956). The reduct ion
in gra in set was found to be due to h igh
temperatures. A tmospher ic tempera tu re af-
fects t ranspi ra t ion th rough its inf luence on leaf
tempera tu re and hence on leaf-water-vapor
pressure (Kramer 1969).
S tegman et al. (1976) showed that the
changes in the xy lem sap pressure ( leaf-water
potent ia l , as measured w i t h a pressure bomb)
to the avai lable soi l mois ture are dependent on
air temperatures (Fig. 2). At any g iven avai lable
soi l -mois ture level, an increase in the air t emp-
erature f r o m 15.6 to 37.8°C resulted in a de-
creased leaf-water status as ref lected by in-
creased xy lem sap pressures. Using the regres-
sion relat ionships of leaf-xylem pressureversus
ambient air temperature and avai lable soi l -
mois ture level, a l lowable root-zone mo is tu re
deplet ion l imi ts (expressed in % as 100 minus
avai lable moisture) were compu ted (Table 1).
Wide ranges in a l lowable dep le t ion l imi ts are
shown for each crop. The maize mode l , for
example, predicts that at 37.8°C ambient air
tempera ture no soil mo is tu re could be a l lowed
to be depleted be low 100%. At 26.7°C, 40% soil
mois ture could be dep le ted; at 15.6°C, the
xy lem sap pressure is not l ikely to attain the
est imated crit ical level unt i l the avai lable soi l
mo is tu re is depleted to 8%.
V a p o r Pressure De f i c i t
The inf luence of air hum id i t y on g r o w t h of
plants has often been underes t imated (Went
1957). Even w i th suf f ic ient water supp ly , l ow air
humid i ty is one of the causes of dai ly water
defici t and it is possib le that they may have a 
permanent and i r reversible inf luence on the
structure of leaf surfaces wh i ch in tu rn may
inf luence the internal factors affect ing t ranspi -
rat ion (Slavik 1970).
The vapor pressure of the bulk air is the actual
vapor pressure of the air w h i c h is a direct
indicator of the mois tu re content of the air. As
air temperature changes, the relat ive hum id i t y
changes, even though the actual mo is tu re con-
tent of the air remains the same. Relative
humid i ty therefore is meaningless in itself
w h e n c o n s i d e r i n g t r a n s p i r a t i o n . Vapor -
pressure def ici t (VPD) — often used as an ind i -
cator of a tmospher ic-mois ture content — is
l ikewise not of much value in itself unless the
leaf and a i r tempera tu resare identical. If the lea f
temperature increases, the vapor pressure in-
side the leaf also changes and this increases the
vapor-pressure gradient f r o m leaf to air. The
increase in t ranspirat ion f r o m morn ing to
midaf ternoon is due to th is increase in leaf-air
vapor-pressure deficit.
Jarvis (1976) described the funct ional rela-
t ionship between stomatal conductance and
leaf-water potent ials at a given leaf-air vapor-
pressure difference (Fig. 3). It is apparent that
stomatal conductance rates are usually h igher
at low vapor-pressure deficits. An increase in
the vapor-pressure dif ference at a g iven leaf-
water potent ia l reduces stomatal conductance.
From the data of contro l led cabinet exper i -
ments w i th Trifolium repens, Lawlor and Lake
(1976) showed that 23% of the observed var-
iance in stomatal conductance could be attr i -
buted to changes in leaf-water potent ia l and
36% of the var iance cou ld be at t r ibuted to
leaf-air vapor-pressure dif ference. They have
concluded that leaf-air vapor-pressure differ-
ence was at least as impor tan t as leaf-water
potent ial in contro l l ing stomatal conductance.
Work on detached leaves of maize (Raschke
1970), and who le plants of maize (Schulze et al.
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Figure 2. Correlation between xylem pres-
sure of sugarbeet leaves and soil 
moisture at three ambient air temp-
eratures (after Stegman et al. 1976). 
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1972) showed the effects of ambien t water-
vapor concent ra t ion on s tomata l conductance.
Idle (1977) showed that h igher values of water-
vapor densi ty def ic i t caused lower conduc-
tance.
Figure 3. Relation between stomatal conduc-
tance and leaf-water potential at 
three levels of vapor pressure dif-
ference (de) (after Jarvis 1976). 
Raschke(1976) po in ts out that even at h igher
relat ive wa te r content of leaves, d ry air may
cause the ep idermis to lose water m o r e rap id ly
than i t can be replaced f r o m w i t h i n the leaf — 
wh i ch he bel ieves w o u l d result in a nar rower
stomata l aper ture than w o u l d be the case in
mois t air.
The abi l i ty of t he leaves to cool by evapora-
t ive mechan isms w o u l d be restr icted w h e n
relat ive h u m i d i t y is h igh or w h e n vapor-
pressure def ic i t is low, because the air sur-
round ing the leaf w o u l d tend to be m o r e satu-
rated w i t h water vapor than on days w i t h l o w
humid i t ies or h igh VPD. Thus , the rma l stress
could be imposed on t he leaves.
Wind Speed
Of the a tmospher ic parameters , w i n d is the
most comp lex in its effect on t ransp i ra t ion and
is genera l ly least unders tood . Theoret ical and
leaf -model work by Mon te i t h (1965) and Gates
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Table 1. Regression estimates of allowable root-zone soil moisture depletion.
Estimated Estimated allowable depletions limits
critical at each temperature levela
leaf xylem
pressure Ambient air temperature °C
Crop (bars) 37.8 32.2 26.7 21.1 15.6
Carrington s i te-Heimdal loam
Percent
Sugar beets - 1 2 0 0 42 81 97
Com - 1 2 0 36 65 85 95
Potatoes - 1 0 0 0 44 77 94
Pinto -11 .5 0 23 69 91 99
Average 0 15 55 84 96
Oakes s i t e - Maddock sandy loam
Percent
Sugar beets - 1 2 0 17 43 63 78
Corn - 1 2 0 29 60 80 92
Potatoes - 1 0 0 0 44 89 99
Soybeans - 1 2 0 29 56 75 87
Alfalfa - 1 4
Average
0 25 64 86 97
0 20 53 79 91
a. Root zone depletions at which leaf xylem pressure is likely to exceed the estimated critical xylem pressure. A depletion limit of
10% means the remaining available moisture percentage is 90.
(1968) showed that an increase in w i n d speed
may increase or decrease t ransp i ra t ion or have
no effect, depend ing on the tempera tu re and
vapor-pressure d i f ferent ia ls be tween leaf and
air, concomi tan t changes in leaf -boundary-
layer resistance, and var ia t ions in internal leaf
resistance.
I f t he saturat ion def ic i t of t he air exceeds that
at the surface of the leaf, transpiration rate wi l l
increase w i t h w i n d speed ; t ransp i ra t ion rate
wi l l be independent o f w i n d speed w h e n the
def ic i t is same; and t ransp i ra t ion w i l l decrease
wi th increasing w i n d speed i f the deficit at the
leaf surface is greater than in the air (Mon te i th
1965).
Gates (1968) has po in ted out the c lose link
be tween t ransp i ra t i onand leaf tempera tu re , the
latter ad jus t ing the balance of the energy
budget . I f t he air is w a r m e r than the leaf be-
cause the radiant energy absorbed by the leaf is
low, an increase in w i n d speed wi l l increase leaf
tempera tu re by forced convect ion . Hence the
water-vapor pressure or concentrat ion at satu-
rat ion w i th in the leaf w i l l also increase,
thereby increasing the d r i v ing force for t ransp i -
rat ion. I t can be expected therefore, that in-
creased water use w i th increase in w i n d speed
wi l l be mos t apparent under c loudy skies, h igh
tempera tures , and low humid i t y .
If t he leaf is w a r m e r than the su r round ing air
because of considerable absorp t ion of radiant
energy, an increase in w i n d speed wi l l cool the
leaf by convect ion. Water -vapor pressure w i l l
then dec l ine in the leaf, reduc ing the leaf-air
vapor -pressure di f ference. If th is reduc t ion is
greater relat ive to the reduct ion in tota l resis-
tance caused by the reduced external resis-
tance, t ranspi rat ion rate and hence water use
wi l l decrease w i t h increasing w i n d speed.
Obvious ly , as Monte i th and Gates have
s h o w n , there w i l l be t imes w h e n w i n d causes a 
change of boundary resistance wh ich is ba-
lanced by a change of vapor pressure w i th in the
leaf, resul t ing in change of w i n d speed hav ing
relat ively l i t t le effect on t ranspi rat ional rate.
Lomas and Lewin (1977) i l lustrated the
hypothet ica l response of wheat , mi l le t , and
cot ton to s tomata l c losure w h e n submi t ted to
t w o rates of w i n d speed. The rat io of mesophy l l
resistance (rm) to boundary layer resistance (re)
mus t be greater than 2 to obta in improved
water -use eff iciency f r o m stomata l c losure (at
an air tempera tu re of about 26°C). The results
are presented in Table 2.
The values of rmare taken f r o m the l i terature
(Slatyer 1970) and the values for ra compu ted
f rom the numer ica l relat ion ra = 3.4 V(b/u) ,
where b is the leaf w id th (cm) and u is the w i n d
speed (cm/sec).
I t can be observed that wh i l e whea t w i l l
benefi t under all condi t ions f r o m stomata l
c losure — reduc ing its t ransp i ra t ion to a 
m a r k e d d e g r e e w i t h o u t a f f e c t i n g i t s
assimi lat ion — th is wi l l happen in mi l le t and
cot ton at relatively h igh w i n d speeds only. At
low w i n d speeds the ass imi la t ion rate in both
crops w i l l be reduced by s tomata l c losure at
least as m u c h as by t ranspi rat ion.
N e t Rad ia t ion
Net radiat ion is of basic impor tance in descr ib-
ing the physical env i ronment of t he crop since i t
represents, among other th ings, the energy
avai lable for g rowth . Knowledge of the spatial
d is t r ibut ion of net radiat ion in a crop canopy
can prov ide us w i t h in fo rmat ion about the
possible magni tudes of evaporat ion, t ranspi ra-
t ion , and photosynthesis as wel l as in fo rmat ion
about the regions w i th in the crop canopy wh i ch
are mos t active in these processes (Denmead et
al . 1962).
In the absence of advected energy, potent ia l
evapot ranspi ra t ion is de termined by net radia-
t ion . Measurements of the energy budget at
several locat ions indicated that in the t ropics
and in the m idd le lat i tudes, 80 to 90% of the net
radiat ion is consumed in evapotranspi rat ion.
The lower values of 80 to 8 5 % are p robab ly
correct, because a smal l amoun t of advected
energy exists, even in hum id c l imate (Chang
1968).
Table 2. Effect of the relative magnitude of
aerodynamic and mesophyll resis-
tances on the water-use efficiency.
rm (U = 10 cm/
Crop (sec/cm) sec)
( U = 1 0 0 cm/
sec) r/r r / r
m a1 m a2
Wheat 3.0 1.08
Mi l le t 0.9 1.08
Cotton 2.6 3.40
0.34 2.78 8.82
0.34 0.82 2.65
1.08 0.77 2.41
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Under cond i t ions of h igh wa te r avai labi l i ty a 
close cor re la t ion be tween net rad ia t ion and
evapot ransp i ra t ion (ET) was noted. Tanner
(1957) s h o w e d that l ys imeter -de termined ET
was h igh ly corre lated w i t h net radiat ion over an
a l fa l fa-brome hay f ie ld and over maize in Wis-
consin. Decker (1962), however , suggested that
net rad iat ion is par t i t ioned preferent ia l ly to
latent heat m o r e than to sensib le heat. Only
whe re th is is t rue can net radiat ion be used to
est imate ET.
Pruitt in Cal i fornia (1960) has s h o w n that net
radiat ion and evaporat ive f lux are general ly
close, bu t ET consis tent ly exceeds net rad ia t ion
dur ing late a f te rnoon, apparent ly due to con-
vect ive heat t ransfer f r o m air to evaporat ive
surfaces. Prui t t (1964) also reports that net
radiat ion and ET are in general ly g o o d agree-
ment on a year ly basis at Davis, but tha t cond i -
t ions o f advect ion and low relat ive humid i t y
cause ET to great ly exceed net radiat ion over
shor t per iods.
In the presence of advected energy, the po-
tent ia l m a x i m u m ET may wel l exceed net radia-
t ion . Grable et al . (1966) repor ted a m a x i m u m
ratio of ET and net rad iat ion of 1.31 at Gunn ison ,
Colorado. It appears, therefore, that ET cannot
be approx imated f r o m net rad ia t ion alone in
arid regions. Ins t rumenta t ion to measure sen-
sible heat f lux m i g h t help detect advect ive
energy in to a crop canopy and expla in the
observed var ia t ions in net radiat ion and ET. The
energy balance of a surface can be de te rm ined
f r o m the re la t ion:
R n - S = L E + A (1)
whe re
Rn is the net rad ia t ion,
S is the soi l heat f lux ,
LE is the latent heat f lux, and
A is the sensib le heat f lux.
If LE > (Rn-S) , sensib le heat (A) has been
d r a w n f r o m the air and consumed in evapora-
t i on . Th is effect ( consumpt ion rather than gen-
erat ion of sensible heat) has of ten been consi -
dered pr ima- fac ie ev idence of advec t ion
(Rosenberg et a l . 1968).
In the invest igat ions of water- loss factor,
measurements o f net rad iat ion we re w ide ly
used. Yao and Shaw (1964) have s h o w n that
di f ferent ia l maize spac ing results in net radia-
t i on di f ferences w h i c h are in par t ref lected in
water use f r o m plots. Work ing w i t h d i f ferent
r o w spacings o f corn p lants, Aube r t i n and
Peters (1961) suggested that know ledge of to ta l
net rad iat ion and t he area p lanted in the c rop
shou ld enable es t imat ion of to ta l water re-
qu i rement of the crop.
S ivakumar et al. (1978) repor ted tha t the
di f ference in the t ransp i ra t ion rates between
noni r r iga ted and i r r igated s o r g h u m cou ld be
expla ined by the in tegrated va lues of net radia-
t ion . Diurnal pat tern o f net radiat ion fo r the t w o
t reatments is s h o w n in Figure 4. Integrated over
the day, the net rad ia t ion in i r r igated s o r g h u m
could account fo r m o r e than 0.5 mm of h igher
t ransp i ra t ion over the non i r r iga ted so rghum.
P l a n t P a r a m e t e r s
The status of water in plants represents an
integrat ion of a tmospher ic d e m a n d , soi l -water
potent ia l , roo t ing densi ty and d is t r ibu t ion , and
other p lant character ist ics (Kramer 1969).
Therefore, to obta in a t rue measure of plant-
water def ic i t , t he measurement shou ld be made
on the plant. Impor tan t p lant parameters that
cou ld be used to characterize water stress
appear to be s tomata l resistance, leaf-water
potent ia l , leaf area, and leaf tempera tu re .
S t o m a t a l Res is tance
Intensive studies (T roughton 1969; Boyer
1970b; Slatyer 1970) have prov ided ev idence
that observed reduct ion in net photosynthes is
w i t h increasing stress can be comple te ly attr i -
buted to s tomata l c losure unt i l severe stress
exists. The s imi lar i ty of the effect of water stress
o n t h e rates of t ranspi ra t ion and photosynthes is
(Brix 1962) and the close re lat ionship between
osci l lat ions of photosynthes is and t ranspi ra t ion
(Troughton 1969) both po in t to a d o m i n a n t
s tomata l cont ro l on t ransp i ra t ion . The effect of
dep le t ion and rep len ishment of soi l wa ter on
t ransp i ra t ion , as regulated b y t h e l e a f s tomates,
is of specif ic impor tance to water use and its
eff ic iency in crop p roduc t ion . By fo rc ing air
t h rough t he leaf at constant rate to ove rcome
the effects of change in s tomata l resistance
accompany ing changes in leaf-water def ic i t ,
Mederski et al. (1975) conc luded that inh ib i t ion
of net CO2 ass imi la t ion w i th increasing leaf-
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Figure 4. Diurnal variation over an irrigated and nonirrigated sorghum canopy on 20 Dec 1977 
(after Sivakumar et al. 1978). 
water def ic i t is a consequence of an increase in
d i f fus ive resistance to gas exchange.
Sivakumar and Shaw (1978a) showed that
s tomata l conductance (reciprocal of s tomata l
resistance) showed a l inear response to
changes in soi l -water potent ia l . W h e n evapora-
t ion f r o m the soi l is negl ig ib le, the t ranspi ra-
t ional resistance of a crop may be close to the
c o m p o u n d paral lel resistance of all t he leaves in
the canopy. W h e n the mean leaf resistance and
the leaf-area index in each canopy layer are
known , mean canopy t ranspi ra t ion resistance
can be calculated.
The re lat ionship be tween canopy t ranspi ra-
t iona l resistance and soi l -water potent ia l fo r
soybeans descr ibed by S ivakumar (1977) is
p lot ted in Figure 5. Soybean canopy offers
cons iderable resistance to t ranspi ra t ion as t h e
soi l -water potent ia l approaches - 10 bars. This
is p robab ly related to v is ib le w i l t i ng associated
w i t h h igh mo is tu re stress in t he f ie ld .
S ivakumar and Shaw (1978b) showed f r o m
the d iurna l pat tern of s tomata l conductance in
the canopy that s tomata l conductance was
inf luenced b y t h e t i m e o f t h e d a y and by canopy
depth. Under cond i t ions of adequate water
supply , t he s tomata opened early in the m o r n -
ing and remained open unt i l about 1600 hours.
Wi th decreasing i r radiance thereaf ter , t he
stomata l conductance s h o w e d a rapid drop.
Under water-def ic i t cond i t ions , s tomata were
open only for a short per iod of 2 hours in the
morn ing , part ial ly open unt i l 1400 hours, and
then closed complete ly thereafter. I t appears
that when the soil is dry, leaf conductances d rop
considerably to restrict t ranspi ra t ion.
An extended dry ing cycle decreases the
stomatal conductance of water vapor and of
CO2. Wi th the decreasing supp ly of CO2 to
photosynthet ic sites, it is reasonable to expect a 
decrease in photosynthet ic act iv i ty to reduce
Figure 5. Mean canopy transpirational resis-
tance as a function of soil-water 
potential during the growing sea-
son (after Sivakumar 1977). 
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the rate of d ry-mat ter accumula t ion . S ivakumar
and Shaw (1978a) showed that relat ive g r o w t h
rate of soybeans was closely related to s tomata l
conductance. The indirect effect of loss of tur-
g id i ty on the regu la t ion of s tomata l conduc-
tance and hence on net photosynthes is is evi-
denced by the reduced g r o w t h rates. Main te-
nance of h igher s tomata l conductance shou ld
b e p o s s i b l e t h r o u g h e f f e c t i v e w a t e r -
managemen t practices, leading to h igher
g row th rates.
I t appears there fore that s tomata l conduc-
tance cou ld be used as an effect ive indicator of
wa te r stress because of its c lose re lat ionship
w i t h soi l -water potent ia l and g r o w t h rates.
L e a f - W a t e r P o t e n t i a l
The water potent ia l of p lan t t i ssue has become a 
standard means of expressing p lant -water re-
sponse. For example , Johnson et al . (1974)
reported that the rates of net photosynthes is
and t ransp i ra t ion of r ing leaves and ears de-
creased l inearly w i th decreasing leaf-water po -
tent ia l . Brady et al. (1974) repor ted that est ima-
t ion of p lant-water potent ia l is a poss ib le aid in
i r r igat ion schedul ing.
Accord ing to Slatyer (1969), the level of
p lant -water potent ia l and hence of internal
water def ic i t is in f luenced by t w o ma in fac tors :
1. level of soi l -water potent ia l , and
2. d iu rna l lag of absorp t ion behind t ranspi ra-
t ion .
In t u r n , each of these is in f luenced by other
factors, bo th env i ronmenta l and phys io log ica l .
The response of leaf-water potent ia l to
changes in soi l -water potent ia l are p lo t ted in
Figure 6 (Sivakumar and S h a w 1978a). W h e n
soi l -water potent ia l decreased, leaf-water po -
tent ia l also decreased. The relat ive scatter of
leaf-water potent ia l at any g iven soi l -water
potent ia l is at least part ia l ly due to the d i f ferent
a tmospher ic evaporat ive demand cond i t ions
prevai l ing dur ing t he observat ional days.
Boyer (1970a) showed that as leaf-water po-
tent ia ls decreased, leaf en la rgement w a s inh i -
bi ted earl ier and m o r e severely than pho tosyn -
thesis or respirat ion. This fact suggests that
m in ima l leaf tu rgor mus t be present before
rapid leaf en la rgement wi l l occur. G r o w t h was
comple te ly ha l ted by a d rop of leaf-water po ten-
t ials t o about -4 bars i n sun f lower (Boyer
1970a), -7 bars in maize (Acevedo et al. 1971),
and - 1 2 bars in soybean (Boyer 1970a).
Leaf-enlargement rate as a func t ion of leaf-
water potent ia l is p lo t ted in F igure7 (S ivakumar
and Shaw 1978c). It appears that leaf enlarge-
ment is closely related to leaf-water potent ia l . A 
Figure 7. Leaf-enlargement rates for soy-
beans as a function of leaf-water 
potential (after Sivakumar and 
Shaw 1978c). 
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Figure 6. Response of leaf-water p o t e n t i a l to
changes in soil water potential ( a f t e r
Sivakumar and Shaw 1978a). 
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major decrease in leaf en largement occurred
near -8 bars, and at a leaf-water potent ia l of
- 1 2 bars the g r o w t h was comple te ly hal ted. In a 
cons tan t -env i ronment chamber , Boyer (1970a)
f ound that en largement was 25% of the ob-
served m a x i m u m a t - 4 bars; a t - 1 2 bars, the
leaf en largement d ropped to zero. Soybean
plants under f ie ld cond i t ions are more adapted
to mo is tu re stress and this appears to be the
reason w h y 25% o f the observed m a x i m u m
enlargement occurred a t -8 bars leaf-water
potent ia l as against -4 bars reported by Boyer
(1970a).
In greenhouse studies, Jordan (1970) ob-
served that a l though potent ia ls de termined by
pressure-chamber techn ique represent on ly in-
stantaneous values, these values can be corre-
lated w i t h g r o w t h response. The relat ion bet-
w e e n leaf-water potent ia l and relat ive g r o w t h
rates of soybeans presented by S ivakumar and
Shaw (1978a) is p lo t ted in Figure 8. There is a 
cons iderable scatter a round the regression l ine
but the t rend shows that relat ive g r o w t h rates
increase as leaf-water potent ia ls increase. Ob-
served reduct ion in g r o w t h rates w i t h l ow
leaf-water potent ia ls cou ld have been b rough t
about by increased respi rat ion rates associated
w i t h increased plant tempera tures and reduced
photosynthet ic rates resul t ing f r o m reduced
CO2 intake.
Stegman and Bauer (1977) showed that rela-
t ive root -dry mat ter y ie ld accumula t ion f r o m
emergence to each sampl ing da te in sugarbeets
was related to the cor respond ing average
Figure 8. Relative growth rate of soybeans as 
a function of leaf-water potential 
(after Sivakumar and Shaw 1978a). 
leaf-water potent ial f r o m emergence to samp l -
ing date. A m a x i m u m relat ive y ie ld of 1.0 in the i r
invest igat ions corresponded to an average sea-
sonal leaf-water potent ia l o f - 1 1 bars. W h e n
the seasonal leaf-water potent ia l averaged
- 1 5 . 0 bars, relat ive y ie ld was reduced to 0.6. At
- 2 1 . 0 bars, the re la t ivey ie ld was only 0.1 tha t of
the y ie ld associated w i th the - 1 1 bar seasonal
average.
Leaf A r e a
Shawcrof t et al. (1970) suggested that leaf-area
could be used as a plant parameter to evaluate
water status of a crop under f ie ld condi t ions.
Very l i t t le research has been done in th is area
because of the ted ious work invo lved in
measur ing leaf-area. Recent deve lopments in
leaf-area integrators, however , have eased the
task of measur ing leaf-area. If leaf-area meters
are not avai lable, one can use s imp le empir ica l
equat ions (Sivakumar 1978) to predict leaf-area.
Sivakumar and Shaw (1978c) showed that
leaf-area d ist r ibut ions may be used to descr ibe
water-stress effects on canopy deve lopments .
For example, leaf-area d is t r ibut ion w i t h canopy
height for stressed and nonstressed soybeans
is presented in Table 3. Analys is of var iance
showed that there were s igni f icant di f ferences
in leaf-area index between the t rea tment fo r all
canopy layers except the 15- to 30-cm layer.
Nonstressed soybean plants showed a larger
leaf-area index in the top layers than d id the
stressed plants. Soybeans under mo is tu re
stress showed higher leaf senescence, and
hence lower area index values, in the lowest
canopy layers.
Using the change in average leaf-area (leaf-
area/number of leaves) per p lant over a per iod
of 7 days, S ivakumar and Shaw (1978a) de-
ve loped an index te rmed " ra te of leaf-area
expans ion . " Rate of leaf-area expans ion
showed that a t l ow soi l -water potent ia ls , t he
leaves s h o w very l i t t le expans ion (Fig. 9). In fact
the rate of expansion shows negat ive values
because of the onset of senescence b rough t
about by h igher water def ici ts. Gandar and
Tanner (1970) observed that, over the g r o w i n g
season, d im in ished leaf en largement caused by
short per iods of water def ic i ts cou ld result in a 
substant ial reduct ion in to ta l leaf g r o w t h .
Because leaf-area is an impor tan t factor in
carbon ass imi la t ion, i t f o l l ows tha t changes in
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Table 3. Leaf-area index (leaf area/unit land area) in different strata of the crop canopy for stressed
and nonstressed soybeans. Each observation is the mean of 40 plants.
Canopy depth (cm) f r o m the top
Days after
p lant ing
Stressed soybeans Nonstressed soybeans
0 - 1 5 1 5 - 3 0 3 0 - 4 5 4 5 - 6 0 6 0 - 7 5 Total 0 - 1 5 1 5 - 3 0 3 0 - 4 5 4 5 - 6 0 6 0 - 7 5 Total
71 2.1 1.0 0.4 0.2 - 3.7 2.2 1.1 0.7 0.5 - 4.5
78 1.9 1.2 0.7 0.2 - 4.0 2.4 1.2 0.9 0.6 0.3 5.4
85 1.5 1.2 0.8 0.4 0.1 4.0 2.3 1.2 1.2 0.9 0.5 6.1
92 1.5 1.2 1.1 0.5 0.1 4.4 2.1 1.5 1.2 1.1 0.6 6.5
99 1.4 1.0 0.8 0.5 0.2 3.9 1.7 1.4 1.2 1.0 0.5 5.8
106 1.3 0.9 0.6 0.2 - 3.0 1.7 1.2 1.1 0.7 0.4 5.1
111 1.1 0.8 0.6 0.2 0.2 2.9 1.4 1.0 0.8 0.5 0.4 4.1
leaf-area are related to changes in g r o w t h rates.
Relat ive g r o w t h rates of soybeans we re related
to the index, rate of leaf-area expans ion. The
decrease in g r o w t h rates w i t h t he rate of leaf-
area expans ion was l inear. S ivakumar and
Shaw (1978a) observed tha t s ince the rate of
leaf-area expans ion showed as good a correla-
t i on w i th soi l -water potent ia l and g r o w t h rates
as leaf-water potent ia l and s tomata l conduc-
tance, i t appears to be one o f the potent ia l p lant
parameters w h i c h cou ld be used to quant i fy
water-def ic i t effects.
Leaf T e m p e r a t u r e
Plant-leaf tempera tu res are cont ro l led by radi-
a t iona l , convec t iona l , and t ransp i ra t iona l
energy-exchange processes. W h e n the d ispar i -
ty be tween t ransp i ra t ion and absorp t ion of
water increases, leaf-water def ic i ts deve lop.
Subsequent ly s tomata close, t ransp i ra t ion de-
creases, and leaf tempera tu res rise. I t was
shown tha t t ransp i ra t ion reduces leaf tempera-
tu re cons iderably (Gates 1968; van Bavel and
Ehler 1968). Mi l ler et al . (1971) repor ted that leaf
tempera tu re and relat ive water content we re
h igh ly corre lated, s tat ing tha t d i f ference in
tempera tures of leaves s imi lar ly exposed is a 
sensi t ive indicator of p lant -water stress. Myers
(1970) also suggested tha t c rop tempera tu res
may be used as an est imate of mo is tu re stress.
The env i ronmenta l stress imposed on a leaf
could be better expla ined by cons ider ing the
di f ference between leaf tempera tu re and air
tempera tu re — the leaf-air tempera tu re dif fer-
ent ial . Ehler and van Bavel (1967) showed that
th is d i f ferent ia l is s t rong iy related to soi l -water
avai labi l i ty (Fig. 10). Six days f o l l ow ing i r r iga-
t i on , on 20 Ju ly , leaf tempera tures were cons id-
erably be low a i r t e m p e r a t u r e s t h r o u g h o u t most
of the 24-hour per iod . But on 13 Ju ly , just before
i r r igat ion, leaf tempera tures in the dry soi l
remained above air tempera tu re essent ial ly
f r o m dawn to dusk; in late a f te rnoon, they rose
to as m u c h as 5 degrees C above air tempera-
ture. This effect was expla ined to be a direct
consequence of the d im in ished rate of t ransp i -
rat ion due to the s igni f icant s tomata l c losure.
Figure 9. Rate of leaf-area expansion of soy-
beans as a function of soil-water 
potential (after Sivakumar and 
Shaw 1978a). 
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Figure 10. Hourly average of leaf temperature minus air temperature (2m above the canopy) 
before irrigation on 13 July 1965 and after irrigation on 20 July 1965 in Arizona, USA 
(after Ehrler and van Bavel 1967). 
Carlson et al. (1972) observed an increase in
leaf-air tempera tu re di f ferent ia l cor respond ing
to a decrease in relat ive water content, again a 
direct consequence of s tomata l c losure and
reduced rate of evaporat ive coo l ing. Clark and
Hiler (1973) suggested that leaf-air tempera ture
di f ferent ia l cou ld be used as an i n d i c a t o r f o r t h e
stress-day factor.
Jackson et al. (1977) we re ab l e to successful ly
descr ibe the wa te r status and requ i rements of a 
d u r u m wheat crop by using plant canopy t emp-
eratures obta ined w i t h por tab le radiat ion ther-
momete rs . A i r temperatures measured at 150
cm above the soi l surface we re subtracted f r o m
the canopy tempera tures to obta in the canopy
air tempera tu re di f ferent ia ls ( T c - T a ) . The
s u m m a t i o n o f T c - T a over t i m e y ie lded a factor
te rmed the "St ress Degree Day" (SDD).
An expression relat ing evapotranspi rat ion
(ET) to net radiat ion (Rn) and T c - T a was de-
ve loped :
E T = R n - B ( T c - T a ) (3)
where B is a compos i te constant de te rmined by
using dai ly values of ET f r o m the lys imeter and
dai ly values of Rn over the lysimeter. Measured
water deplet ion and calculated ET using Equa-
t ion 3 agreed reasonably we l l .
I t appears that leaf- temperature measure-
ments, w h e n obta ined in con junct ion w i t h other
atmospher ic parameters such as net rad ia t ion,
air temperature , and w ind speed, cou ld be
effectively used to characterize water stress.
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Interdisciplinary Research Needs
of Agroclimatological Studies: Modeling
Approaches and Minimum Data Set
Agricultural production is primarily dependant upon crop variety, soil, weather and 
management practices. Crop weather models are useful in quantifying the response of 
specific production factors singly or in combinations on crop growth and development 
These models could be used as research tools in planning alternative strategies for 
cropping, land use and water management practices for a range of agroclimatic 
situations. Several other advantages of crop weather models are discussed in this paper. 
The various approaches used in crop growth, development and yield models are also 
described. These approaches could be generalized as regression, physiological and 
combination type. The merits and demerits of each of these approaches are discussed. It 
is believed that a dynamic crop growth and development modeling approach that 
utilizes input data on crop, soil and weather will be suitable to initiate the modeling 
studies at ICRISAT. It seems desirable to test the existing sorghum model (SORGF) 
developed by Arkin et al, (1976) at Texas for adoption in the SAT rather than developing 
new models. It is suggested that collaborative multilocation trials should be initiated to 
help overcome the location specificity problem. This needs an interdisciplinary ap-
proach involving the voluntary participation of specialists from different disciplines and 
institutions. Emphasis has been given in this paper to identify a minimum data set that 
needs to be collected from each center. It is hoped that data collected from these 
multilocation trials will be useful in developing and testing models that have wider 
applications.
Soi l , water , and c l imate have a pervasive
inf luence on crop produc t ion in the semi-ar id
t ropics. Deve lopment o f improved product ion
techno logy to increase and stabi l ize f o o d pro-
duct ion in these areas requires a m o r e comple te
and quant i ta t ive unders tand ing of the t ime and
spatial var ia t ions of these natural resources and
the manner and degree to w h i c h they inf luence
crop g r o w t h and product iv i ty .
Quant i f icat ion of the phasic deve lopment
(phenology) of p lants as inf luenced by c l imate
is not s imp ly a heat sum p rob lem in the general
sense, bu t is in f luenced by day leng th , water
def ic i t or excess, carbon d iox ide supply , nut-
r ient def ic i ts, etc. Due to the effects of these
factors s ingly and in comb ina t ion , t he t rea tmen t
* Farming Systems Research P rog ram, ICRISAT.
responses in te rms of crop yie lds of ten become
high ly specif ic to a par t icu lar loca t ion ,
genotype, management , and t ime . Therefore,
there is an urgent need to deve lop an under-
s tanding for the quant i f icat ion of the response
funct ions of specific env i ronmenta l factors on
the g r o w t h , phys io log ica l behavior, and y ie ld of
crops. Such data can be used to develop models
to predict crop y ie lds on smal l and large scales.
For carry ing out mode l ing exercises, results
f r o m diverse exper imenta l sites w i t h a c o m m o n
or standardized set of t reatments and a 
m i n i m u m set of observed data on crop, man-
agement , soi l , and meteoro log ica l factors is
required. Our search for data on crops of in-
terest to us and g r o w n under semi-ar id t ropical
condi t ions showed that f ew such research re-
ports exist. In most cases adequate in fo rmat ion
on crop, so i l , and management t reatments is
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avai lable but l i t t le, i f any, mic roc l imat ic data are
avai lable. Reports on weather e lements are
general ized. We bel ieve agroc l imato log is ts
have a very impor tan t ro le to play in th is
interd isc ip l inary effort.
In the d ry semi-ar id t rop ica l areas, due to the
characterist ic d is t r ibu t ion of the natural en-
d o w m e n t s (soi ls, and c l imate) , locat ion spec-
if ici ty is s t rong ly exh ib i ted in t e rms of c rop-
g r o w i n g env i ronment . C rop -g rowth mode ls
may be useful in p lann ing al ternat ive strategies
for c ropp ing , land use, and wa te r management .
To economis ts these are helpfu l in cost benef i t
rat io analysis. Def in i t ion of genet ic character is-
t ics of crops may enable plant breeders to
deve lop crops " t a i l o r e d " to d i f ferent c l imat ic
and phys iograph ic condi t ions. Accord ing to
current ev idence, m ino r mod i f i ca t ions of crops
or m ic roc l imate w i t h i n the rea lm of our cur rent
b io logical and technolog ica l capabi l i t ies cou ld
marked ly increase c rop product iv i ty . Crop-
g row th s imu la t ion mode l i ng cou ld substan-
t ial ly assist in an imp roved management -
decis ion process fo r crop p roduc t ion , and in
del ineat ing the potent ia l ly mos t reward ing
areas fo r agr icu l tura l research.
T y p e o f M o d e l s
The var ious approaches used in crop g r o w t h ,
deve lopment , and y ie ld mode ls are not easily
summar ized . Lack of agreement between re-
searchers on h o w to summar i ze or categor ize
prev iously repor ted approaches is readi ly appa-
rent and is not consistent be tween or even
w i th in d isc ip l ines.
N e w m a n (1974) d is t ingu ished basical ly be-
tween t w o mode l i ng approaches: mode l i ng
based on mathemat ica l l y fo rmu la ted re lat ion-
ships w i t h empir ica l constants w h e n necessary
( "determin is t ic approach" ) , and mode l i ng in-
vo l v i ng s o m e type o f stat ist ical-regression
techn ique fo r f i t t i ng empir ica l re lat ionships be-
tween c l imato log ica l var iables and crop-
produc t ion stat ist ics ("stochast ic approach" ) .
Jensen (1975) categor ized mode ls in to three
t y p e s : s ta t is t ica l m o d e l s , s ta te-o f - the-ar t
phys io log ica l mode ls , and stat ist ical ly based
crop /weather so i l -mo is tu re mode ls . Baier
(1977) suggested three categor ies of mode ls on
the basis of data source, p redominan t purpose
of the mode l and its potent ia l app l ica t ion. The
mode ls p roposed w e r e c rop -g rowth s imu la-
t i on , stat ist ical ly based crop-weather analysis
mode ls , and mul t ip le- regress ion models . Three
categor ies of mode ls we re also suggested by
Shaw (1977): mathemat ica l or stat ist ical , w h e r e
a pred ic t ive equat ion is p robab ly the p r imary
interest; a b io logica l or physical mode l whe re
an exp lanat ion of w h y events occur and h o w
they affect g row th and/or y ie ld ( impor tance of
each parameter) is as impor tan t or m o r e impor-
tant than the f inal predic t ive equa t ion ; and
combina t ions of these t w o .
Thus i t is apparent tha t many d i f ferent ap-
proaches have been uti l ized by researchers — 
depend ing on their needs, sources of data, and
exper ience. I t f o l l o w s t h a t a n y o n e a t tempt ing to
add to the know ledge in th is area must deter-
mine wh i ch approach migh t best serve his
object ives.
One o f the p rob lems w i th stat ist ical mode l i ng
is that the assumpt ions in the regression mode l
are of ten not met. Regression analysis uses a 
leas t -square techn iqueand as suchw i l l g i v e a f i t
m in im iz ing the sum of squares. The f e w obser-
vat ions tha t depar t s igni f icant ly f r o m mos t o f
the data may be the po in ts hav ing the greatest
in fo rmat ion (d rought or h igh-rainfal l years), but
wi l l general ly not be as we l l f i t ted . Many sets of
data may s h o w a s igni f icant t rend over a per iod
of years, but once this factor is put into a 
regression equat ion it may fo rce a relat ively
good f i t , regardless of whe ther i t is actual ly
associated w i t h other independent var iab les or
con founded w i t h independent var iables al-
ready used.
Physio logical mode ls take a m o r e determin is -
t ic mathemat ica l approach and shou ld help
expla in h o w var ious parameters interact. For
th is reason, they shou ld be useful in ident i fy ing
defic iencies in our knowledge. On the other
hand, i t is d i f f icul t to apply these mode ls to a 
large area because of data-base requ i rements .
Some of these mode ls are very comp lex in tha t
they a t tempt to reconstruct the vi tal processes
of the p lant step by step. There is a l im i t to
comp lex i t y ; beyond th is l im i t i t ceases to be
useful , part icular ly i f accurate y ie ld forecasts fo r
large areas are desi red.
Therefore, a comb ina t i on approach cou ld be
m o r e useful in the c rop -g rowth -deve lopment
and y ie ld -mode l ing studies. The scient i f ic e m -
phasis perhaps ough t to be not on the ques t ion
of a mode l ' s un iqueness or even on h o w closely
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its predic t ions f i t a part icular set of data, but on
the clar i ty w i t h w h i c h discrepancies between
mode l predic t ions and exper imenta l data m igh t
lead to prof i tab le new inferences.
I t shou ld be remembered that mode l ing is not
a subst i tu te fo r exper imenta t ion , but i t may
prov ide a m o r e rat ional basis for exper imenta-
t ion . We need detai led sound and comprehen-
sive exper imenta t ion as a basis fo r dev is ing
mode ls , as wel l as fo r supp ly ing the necessary
parameters and fo r va l idat ing (or refut ing) their
results. Reciprocal ly, such results can help
economize exper imenta t ion by show ing where
it is needed most .
A d v a n t a g e s o f M o d e l i n g
Mode l ing of plant g row th and deve lopment has
a number of potent ia l advantages, as out l ined
by Thorn ley (1976).
• A mathemat ica l basis fo r hypotheses ena-
bles progress towards a quant i ta t ive un-
ders tand ing of p lants and their response to
env i ronment .
• An a t tempt at mode l const ruct ion can help
in p inpo in t ing areas whe re knowledge and
data are lacking.
• Mode l i ng can s t imulate new ideas and
exper imenta l approaches.
• Mode l i ng may lead to a reduct ion in the
amoun t of ad hoc exper imenta t ion , enabl-
ing des ign of exper iments wh i ch answer
part icular quest ions and d iscr iminate bet-
w e e n al ternat ive hypotheses.
• Compared w i t h t rad i t ional methods , m o d -
els of ten make better use of data (wh ich are
becoming increasingly precise but more
expensive to obtain).
• In fo rmat ion on di f ferent aspects of p lant
g r o w t h can of ten be b rough t together ,
p rov id ing a un i f ied p ic ture and somet imes
a va luab le s t imu lus to co l laborat ion and
team work .
• A mode l f requent ly prov ides a convenient
data summary .
• Mode ls can g ive a m e t h o d for interpola-
t i on , ex t rapo la t ion , and pred ic t ion .
• A successful mode l may be used to
suggest pr ior i t ies fo r appl ied research and
deve lopmen t and , i f used caut iously, to aid
the c rop manager in mak ing decis ions.
C u r r e n t S t a t u s o f M o d e l i n g
A great deal of mode l ing wo rk has been d i -
rected to ind iv idual processes invo lved in c rop
g r o w t h and deve lopment such as mode l i ng
evaporat ion (Ritchie 1972), photosynthes is
(Duncan et al . 1967), respirat ion (Baker et al.
1972), water balance (Baier and Dyer 1978),
probabi l i ty of occurrence of part icular weather
events (Vi rmani et al. 1978), technological effect
(Thompson 1969), etc. Growth -s imu la t i on
models are avai lable fo r corn (Spl inter 1973),
soybean (Curry et al . 1975), co t ton (Stapleton et
al . 1973), alfalfa (Mi les et al. 1973), whea t
(Rickman et al. 1975), and so rghum (Arkin et al.
1976). Few, if any, c rop-g rowth mode ls are at
p r e s e n t b e i n g u s e d f o r m a n a g e m e n t
dec is ion-making, they are pr imar i ly research
tools.
One of the major p rob lems in mode l i ng wo rk
is the specif ici ty exhib i ted by a part icular mode l
w i th respect to crop and locat ion. Mode l i ng
scientists are m u c h concerned about th is prob-
lem. (Suggest ions are sought f r o m part ic ipant
scientists regarding remedia l measures fo r
overcoming th is problem.) A t th is t i m e , we
visualize that a mul t i loca t ion exper iment could
be useful . A var iety of c l imat ic, crop, and soil
env i ronments can be obta ined by us ing f e w
SAT bench-mark locat ions as exper imenta l
sites. Data f r o m these areas could be poo led
and mathemat ica l and statistical analysis
emp loyed to bui ld a mode l w i t h (probably)
w ider appl icat ions.
Sugges ted A p p r o a c h
We believe that dynamic c rop-g rowth mode l i ng
wi l l suit our purpose. In th is kind of approach,
the inputs to the mode l include the c rop, so i l ,
and weather factors affect ing crop y ie lds.
Physiological data enable the mode l to ident i fy
plant traits, inc luding such parameters as leaf
number and leaf area; env i ronmenta l data,
such as dai ly weather var iables, a l l ow the m o d -
eled plant to produce a specif ic response to its
surroundings. Examples w o u l d include t he rate
at wh ich the plant g r o w s and deve lops ; data on
rowspac ings , plant popu la t ions, etc. relate the
mode led plant to sur round ing f ie ld commun i t y .
In most cases dai ly ET and PET are calculated
and these are used for generat ing a water
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balance. Wherever open-pan data are avai lable,
these cou ld be used direct ly as a measure of Eo
or PET.
In crop-weather mode l i ng , w h e r e we are
deal ing w i t h the b io log ica l sys tem, the m o d e l
shou ld have the capabi l i ty o f upda t ing the
computation at any point in the growing sea-
son, i.e., a feedback capabi l i ty. Th is w o u l d
represent a very impor tan t feature in its opera-
t ional app l ica t ion, in wh i ch the deve lopmen t o f
a f ie ld crop is observed t h rough the g r o w i n g
season (Maas and Ark in , 1978). The basic crop-
g r o w t h mode l shou ld , however , s imu la te the
g r o w t h , deve lopment , and y ie ld .
Proposa l f o r a M u l t i l o c a t i o n
E x p e r i m e n t
We are keen on ge t t ing your suggest ions re-
gard ing the m i n i m u m a m o u n t o f data to be
col lected to der ive the g r o w t h , deve lopmen t ,
and y ie ld mode l fo r s o r g h u m . Ark in et al . (1976)
suggested the f o l l ow ing Input data fo r the
s o r g h u m mode l .
Table 1. Input data required for a sorghum-
simulation model.
Plant Data
Leaf n u m b e r - t o t a l numbe r o f leaves p roduced
Leaf area - m a x i m u m area of each ind iv idual leaf
(cm2)
Plant ing data
Plant ing date, m o n t h , day, year
Plant popu la t ion (plants/ha)
Row w i d t h (cm)
Row d i rect ion (degrees)
Cl imat ic data (dai ly, f r o m p lant ing to matur i ty)
M a x i m u m tempera tu re C O
M i n i m u m tempera tu re (°C)
Solar rad ia t ion (ly/day)
Rainfal l (cm/day)
Soi l da ta
Ava i lab le wa te r -ho ld ing capaci ty (cm)
Init ial avai lable wa te r content (cm)
Locat ion data
Lat i tude (degrees)
Shaw(1963) ut i l ized Class-A pan-evapora t ion
data instead of solar radiat ion fo r the Iowa corn
mode l . We have not come across w o r k w h e r e
these w e r e compared for t rop ica l areas. Ut i l iza-
tion of Class-A pan data has the advantage that
most of the meteorological services have re-
corded it for fairly long periods. It integrates
meteorological factors (radiation, temperature,
humidity, and wind) which mainly cause evap-
oration.
We feel there is a need for interdisciplinary
research for crops in the semi-arid tropical
regions. We propose the fol lowing experiment
for your consideration and discussion.
Table 2. Proposal for multilocational experi-
ment.
Crop : S o r g h u m
Variet ies : One to three (depending
upon avai labi l i ty o f cu l -
t i v a r s ; t o l e r a n t , i n te r -
med ia te , and suscept ib le
to d rought ) .
Treatments : T w o to four mo is tu re re-
g imes
Repl icat ions : Three
Met data col lect ion : Daily solar radiat ion
Pan evaporat ion
Rainfal l
Tempera tu re
Crop data : Dry we igh t at impor tan t
pheno log ica l stages LAI,
leaf number , l ight intercep-
t i on , and days to f l ower ing .
Soi l data : Mo is tu re character ist ics
Depth
Init ial mo is tu re and f ina l
mo is tu re
Mo is tu re a t t w o other
s tages d u r i n g g r o w i n g
season.
Locat ion : S o m e SAT locat ions
Conc lus ions
Generat ion of a su i tab le c rop-p roduc t ion
techno logy fo r increased and stabi l ized c rop
produc t ion in the seasonal ly dry semi-ar id
t rop ics — spread over large areas character ized
by a var ie ty of agroc l imat ic cond i t ions — needs
a t ho rough unders tand ing of the soi l -p lant-
a tmosphere con t i nuum. Often exper iments in-
vo l v i ng one o r t w o t rea tments g ive excel lent
single-factor response func t ions , but w i t h the
addi t ion of a f ew essential var iab les cou ld g ive a 
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hol ist ic explanat ion. Hence it is essential to
ident i fy a m i n i m u m data set required fo r an
integrat ion of d i f ferent response funct ions in
the s imu la t ion of p lant g row th and deve lop-
ment . I t is obv ious that interdisc ip l inary studies
i n v o l v i n g a g r o c l i m a t o l o g i s t s , c r o p
phys io l og i s t s , so i l phys ic i s ts , and c rop
s imula tors w o u l d go a long way in such an
unders tand ing.
Mu l t i l oca t ion exper iments now being prop-
osed cou ld help us inc lude a w i d e var iety of
agroc l imat ic s i tuat ions in a s ing le mode l and
w o u l d a id immense ly in our efforts to overcome
the p rob lem of locat ion specif ici ty.
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